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Balance® used in conventional cropping practice with half of the 
upfront fertiliser rate can sustain crop yield and build soil biological 
fertility
Deb Archdeacon1, Andrew Gulliver2 and David Cullen2 
1Agronomica, Wellington Mill, WA, 2Custom Composts, Nambeelup, WA
Key Messages 
• Farm trials across four consecutive years, from 2007–2010, demonstrated that precision placement of 
40–50 kg/ha of Balance® with 40–50 kg/ha of basal fertiliser equalled or surpassed crop yield compared 
with usual grower practice of 80–100 kg/ha of basal fertiliser.
• Replacement of 50% (by weight) of upfront basal fertiliser with Balance signifi cantly increased crop root 
weight, mycorrhizal root colonisation percentage and microbial biomass. 
• Balance is not a substitute for basal fertiliser as such, but rather a mechanism to improve a plant’s ability 
to effi  ciently take up nutrition through increased soil biological fertility.
• Balance is a cost-eff ective pellet that increases fertiliser use effi  ciency and can be applied using existing 
farm machinery providing a low-risk option for growers interested in moving towards biological farming 
systems.
Background and Aims
The Balance® project was motivated by grower interest in improving ‘soil biological fertility’ as defi ned by 
Abbott and Murphy (2003).  This project has developed an organic pellet (Balance) derived from specifi c, 
concentrated, composted inputs, which promotes soil biological fertility to enhance plant nutrient uptake and 
sustain or improve crop yield.  
Product development started during 2002 and continued through 2010 using large-scale on-farm trials, 
replicated on-farm scientifi c trials and university-based pot trials testing a suite of formulations across a wide 
geographical range and several soil types. 
The benefi ts of larger root systems with arbuscular mycorrhizal fungi (AMF) associations and increased 
microbial biomass (MB) are considered to be important to soil structure and soil health (Clapperton et al., 
2003).  In particular, AMF have a demonstrated ability to help crops access soil nutrients, building soil structure 
through aggregate formation, soil water access and may protect crops from root pathogens (Douds and 
Johnson, 2003). 
Escalating and fl uctuating fertiliser prices coupled with questions of future fertiliser supply have driven the 
need for further improvements in fertiliser use effi  ciency (FUE) in broadacre cropping systems. Precision 
farming practices have made positive changes, however greater improvement in FUE is required to gain the 
maximum potential from applied crop nutrients.  It is generally believed that high rates of most alternative 
inputs are required to attain crop yields comparable with those achieved from chemical fertilisers and this 
implies inputs can be expensive to purchase, transport and apply. The development of Balance, which can be 
applied using precision farm machinery, has resulted in a viable, reliable product that increases soil biological 
fertility and maintains or improves crop yield.  The pellet is designed for use at low rates and can replace 50% 
of upfront basal fertiliser in conventional cropping systems.
Method
All of the farm trials at York, Western Australia were carried out using best practice by an independent 
agricultural consultant. Due to farming constraints, trials were carried out at diff erent farm locations in York 
during 2007, 2008–2009 and 2010. Soil types were variable ranging from loamy duplex (2007) to sand (2008–
2009) and gravely sandy loam during 2010. Soil pH (CaCl
2
) was generally low from 4.7–4.9 and soil organic 
carbon ranged from 0.72 in sands to 1.84 in the loamy duplex. Crop rotations were; wheat on lupins, wheat on 
canola, wheat on wheat and oats on oats. Treatment plots were arranged within three replicated blocks and 
each treatment was allocated randomly within each block. Upfront fertiliser and Balance applications were 
delivered through the seeding tube. Treatments were designed to test the eff ect of reducing upfront fertiliser 
by 50% and replacing with an equivalent weight of Balance.
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Dr Zakaria Solaiman, University of Western Australia (UWA) also carried out replicated pot trials to test the 
impact of reduced fertiliser rates, urea application and the addition of Balance on AMF, soil MB and shoot and 
root growth. Pot trials ran concurrently with on-farm fi eld trials during 2009 to test the hypothesis that urea at 
seeding, in addition to upfront fertiliser, may impact negatively on soil biology, crop root mass and yield.
Results 
The 2007 York on-farm results demonstrated a signifi cant diff erence (P ≤ 0.05) between; the 50% Balance and 
100% basal fertiliser (BF) treatments and crop yield, AMF root colonisation percentage, microbial biomass (MB) 
and root fresh and dry weight. Fresh and dry shoot weights were not signifi cantly diff erent (n.s.d.) (see Table 1). 
Analysis of plant sap at six weeks (data not shown) also showed signifi cantly greater (P ≤ 0.005) levels of 
nitrate and phosphorous in the sap of the Balance treatments.   It is hypothesised that adequate levels of soil 
organic carbon (OC) plus increased levels of nutrients from the previous lupin crop accessed via active soil 
microbiology and more specifi cally AMF (Hodge and Fitter, 2010) are likely to have contributed to enhanced 
crop nutrient uptake. 
Table 1.  2007 York on-farm trial — yield, AMF root colonisation %, MB, root and shoot weights
Crop: wheat — Yitpi Previous year: lupins
Soil type: loamy duplex, OC: 1.84, TCEC: 5.3, pH (CaCl2): 4.8
Rainfall April – October: 338 mm
































































Treatment: [basal fertiliser (BF) is Macro Pro Extra]
100kg BF 4.18b 8.77b 8.75c 0.37b 0.14b 1.05 0.28
75:25 BF and BALANCE 5.05ab 12.34b 14.14b 0.39b 0.17ab 0.95 0.29
50:50 BF and BALANCE 5.83a 27.03a 22.36a 0.71a 0.19a 1.04 0.31
Means with diff erent letters are signifi cantly diff erent at P ≤ 0.05.
The 2008 York on-farm trials were located on sandy, low TEC and OC soils and resulted in yields of n.s.d. 
between treatments.  Considering rainfall, yields across all treatments were less than expected.  AMF root 
colonisation percentage, MB and root fresh weight were signifi cantly (P ≤ 0.05) higher in the Balance 
treatments, while fresh shoot weights were n.s.d. between the 80 kg/ha BF and 40 kg/ha BF + Balance @ 40 
kg/ha treatment  (see Table 2).  
Urea had been applied just after seeding (UAS) with the seeding bar raised to allow urea to trickle onto the 
seeding row during 2008 rather than at six weeks as in the 2007 trial. This change in practice was specifi cally 
tested during 2009 to characterise any diff erences in microbial populations, root weight and yield due to the 
timing of the urea applications.
Table 2.  2008 York on-farm trial — yield, AMF root colonisation, MB, root and shoot weights
Crop: wheat — Calingiri Previous year: canola
Soil type: sandy, OC: 0.72-0.9 TCEC: 1.9 pH (CaCl2): 4.7–4.9














































Treatment: [basal fertiliser (BF) is Phenomena]
BF @ 80 kg/ha + 60 kg/ha UAS 2.48 12.00b 65.33b 7.71c 28.21b
BF @ 40 kg/ha + 60 kg/ha UAS 2.29 13.67b 79.33b 10.30b 41.32a
BF @ 40 kg/ha + Balance @ 40 kg/ha + 60 kg/ha UAS 2.56 21.67a 144.67a 14.40a 28.69b
Means with diff erent letters are signifi cantly diff erent at P ≤ 0.05. 
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The 2009 York on-farm trials (see Table 3) carried out on the same farm area as the 2008 trials showed that 
where urea was applied just after seeding, yields in each treatment were almost identical to 2008 yields (2.40 
t/ha:2.48 t/ha, 2.28 t/ha:2.29 t/ha and 2.59 t/ha:2.56 t /ha).  Where UAS was used rather than at six weeks, the 
yield was about one tonne less in the UAS application. This implies there was no yield benefi t in applying UAS 
— rather a yield penalty. 
These results appear to support the hypothesis raised from the 2008 on-farm trials that early urea applications 
may have a detrimental impact on crop yield, soil biology and crop root growth.  No measurements were 
taken of AMF root colonisation percentage or MB in the 2009 fi eld trial; however the results of the 2009 pot 
trials (highlighted in Table 4) do show that early applications of urea reduced the potential populations of AMF. 
Where urea was applied at six weeks post seeding, 2009 on-farm yields were signifi cantly higher across all 
treatments. These results suggest that urea is best applied at tillering (or a time post seeding, dependent upon 
other factors such as rainfall) when adequate consideration of the relevant factors can be used to determine 
and ensure cost eff ectiveness and an economic yield benefi t.  
Table 3.  2009 York on-farm trial — yield
Crop: wheat Previous year: wheat 
Rainfall April – October: 277 mm
Treatment: [basal fertiliser (BF) is Macro Pro Extra] Yield
100 kg/ha BF 2.22bc
50 kg/ha BF 1.59c
50 kg/ha BF + 50 kg/ha Balance 1.93bc
100 kg/ha BF + 80 kg/ha UAS 2.40bc
50 kg/ha BF + 80 kg/ha UAS 2.28bc
50 kg/ha BF + 50 kg/ha Balance + 80 kg/ha UAS 2.59b
100 kg/ha BF + 80 kg/ha urea at six weeks 3.45a
50 kg/ha BF + 80 kg/ha urea at six weeks 3.66a
50 kg/ha BF + 50 kg/ha Balance + 80 kg/ha urea at six weeks 3.46a
Means with diff erent letters are signifi cantly diff erent at P ≤ 0.05.
Given the results from 2008, the 2009 Balance pot trials (see Table 4) were designed to collect data to help 
manage the impact of UAS on crop and soil biological performance when using Balance in the cropping 
programme.  The trials were carried out over a 59-day period. 
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Table 4.  2009 pot trial — AMF root colonisation, MB, root and shoot weight
































































g)Treatment: [basal fertiliser (BF) is Macro Pro Extra]
Control 20.7de 168.4cd 12.9g 2.71f 25.5e 4.84e
80 kg/ha BF 23.0d 187.0b 27.5c 5.67b 31.8cd 6.59bc
40 kg/ha BF 31.0bc 191.5b 31.0b 6.67a 30.8d 5.60de
40 kg/ha BF plus 40 kg/ha Balance 35.0ab 204.8a 34.4a 6.93a 35.5bc 6.39cd
80 kg/ha BF + 60 kg/ha UAS 21.7d 158.4ef 23.2d 3.80d 37.4ab 7.76a
40 kg/ha BF + 60 kg/ha UAS 16.7e 163.9de 23.6d 3.52de 35.6bc 6.69bc
40 kg/ha BF + 40 kg/ha Balance + 60 kg/ha UAS 28.7c 171.6cd 17.1f 2.87f 35.2bc 6.33cd
80 kg/ha BF + 60 kg/ha urea at six weeks 18.7de 154.8f 23.3d 3.80d 39.0ab 6.98abc
40 kg/ha BF + 60 kg/ha urea at six weeks 19.3de 169.8cd 19.2e 3.07ef 37.9ab 7.32abc
40 kg/ha BF + 40 kg Balance + 60 kg/ha urea at six 
weeks
40.3a 174.9c 28.1c 4.73c 40.2ab 7.49ab
Means with diff erent letters are signifi cantly diff erent at P ≤ 0.05.
The pot trial results indicated that the timing of urea application reduced MB and fresh and dry root weight.  
Where BF was used at 80 kg/ha there was n.s.d. in AMF root colonisation in any urea application.  This suggests 
higher rates of BF independently reduce the potential for AMF to colonise plant roots and is reinforced by the 
results from the earlier 2007 trial data. Where 40 kg/ha of BF was used alone, the addition of urea at any time 
signifi cantly reduced AMF root colonisation. The addition of UAS to BF plus Balance signifi cantly reduced AMF 
root colonisation when compared with no urea, but the addition of urea at six weeks did not. This suggests 
the addition of Balance can act as a biological ‘buff er’ mitigating the eff ects of chemical fertiliser additions on 
AMF root colonisation. 
The application of urea at any time signifi cantly reduced root growth across all treatments but signifi cantly 
increased fresh shoot growth, except in the Balance treatments where fresh shoot growth was n.s.d.  However, 
dry shoot growth was signifi cantly higher in the Balance plus urea at six weeks treatment compared with 
other Balance treatments, which suggests there was an improvement in the fresh-to-dry conversion. This is 
likely to be a result of a higher sap mineral density:lower water content.
The results from the 2007–2009 trials indicate that urea is best applied post seeding to gain the maximum 
benefi t from Balance with a concomitant increase in AMF and MB, increased root mass and the potential for 
increased yield. 
The 2010 York on-farm trial results are limited to yield and dry root mass data at this time. Yield data returned 
n.s.d. between trial treatments. Root dry weight showed signifi cantly higher (P ≤ 0.005) results at testing 
during mid-July where Balance replaced 50% of BF, and signifi cantly higher results (P ≤ 0.05) during mid-
August.
Discussion 
The improvement in yield from the Balance application during 2007 suggests that increased soil biological 
and plant root interactions infl uence the availability of nutrients in the rhizosphere (Jeff ries et al., 2003, 
Marschner and Rengel, 2003). Rhizosphere microorganisms play an important role in a sustainable approach 
to crop production (Marschner and Rengel, 2003) and Balance, developed as a concentrated organic input, 
provides a mechanism to improve soil biological activity while maintaining crop yield. In the reported trials, 
50% of upfront BF was replaced with the same weight of Balance and achieved similar or better yields — 
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signifi cantly greater fresh root mass, AMF root colonisation percentage and MB, while there was n.s.d. in fresh 
shoot mass. 
Excess fertiliser can alter plant root abundance and architecture — the microorganism soil food base, and 
thus reduce soil microbial abundance and biodiversity (Hillel and Rosenzweig, 2005). Therefore it would seem 
prudent to use measures in crop production systems that improve root growth and microbial abundance and 
diversity. Improved root growth and associated rhizodeposition also contribute signifi cantly to soil organic 
matter (SOM) and are reported by Lorenz and Lal (2005) to supply more soil carbon than above-ground 
biomass and have positive implications for the improvement and stabilisation of agricultural soil (Herrick et al., 
1997). Balance concomitantly reduces the need for chemical fertiliser application and increases soil biological 
fertility. 
The Balance development programme provides a proven option for growers interested in building soil 
biological fertility. It is convenient, cost eff ective, complements developing precision farming techniques and 
removes typical barriers to the adoption of new technologies.
Key Words
Balance®, soil biological fertility, AMF, SOM, rhizosphere
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Effects of potassium (K) supply on plant growth, potassium uptake and 
grain yield in wheat grown in grey sand
Qifu Ma1, Richard Bell1, Ross Brennan2 and Craig Scanlan2
1School of Environmental Science, Murdoch University, 2Department of Agriculture and Food, WA
Key Messages
• Shoot and root dry weights reached a plateau at 75 mg/kg of potassium (K) at most growth stages. 
Reduced shoot growth was best explained by reduced tiller numbers and rate of development.
• An increase in leaf numbers and functions (for example, net photosynthesis, stomatal conductance) to 
applied potassium mainly occurred at the same level of available potassium where an increase in top 
biomass occurred. 
• Luxury potassium supply (135 mg/kg) greatly increased shoot potassium percentage compared 
with adequate potassium supply (75 mg/kg). However, both potassium treatments had similar seed 
potassium and nitrogen (N) percentages and harvest index. Seeds were not properly fi lled under severe 
potassium defi ciency and had decreased seed size (13–18 mg) at moderate potassium defi ciency, 
compared with 30 mg at adequate potassium  supply. 
• Unlike nitrogen and phosphorus (P) defi ciencies that decrease shoot:root ratio, with potassium 
defi ciency shoot:root ratio increased. The greater eff ect of potassium defi ciency on roots may make low-
potassium plants more vulnerable to drought. 
• Further potassium trials including soil water defi cit at late growth stage will be undertaken during 2011 
to examine the interaction of soil potassium supply and drought on crop potassium uptake, growth and 
grain yields.
Background and Aims
In south-western Western Australia, the incidence of potassium (K) defi ciency in wheat has increased steadily, 
with two-thirds of the arable lands prone to potassium depletion through continued removal in hay or grain 
and straw. Leaching of potassium especially in sandy soils, where the total potassium pool is small, is also a 
signifi cant contributor to poor K-use effi  ciency in farming systems. Adequate K supply is required for obtaining 
high crop yield and quality and enhancing the effi  ciency of other nutrients and the ability of plants to tolerate 
stresses from soil moisture, salinity, temperature, disease and pests. 
In this study wheat was grown in grey sand in a glasshouse and treated with six levels of soil potassium supply 




The experiment was carried out in a naturally-lit glasshouse at Murdoch University, WA. Wheat (Triticum 
aestivum L. Cv Wyalkatchem) was grown in bottom-sealed plastic pots (diameter 25 cm, depth 25 cm) 
containing grey sand. Surface soils (20 cm depth) from a non-fertilised fi eld at Muchea, about 40 km north 
of Perth, were collected and sieved (2 mm). The Muchea sand had background nutrient levels (mg/kg) of 1 
nitrate nitrogen (NO
3
), 1 ammonium nitrate (NH
4
), 2 Colwell P, 15 Colwell K and 2 potassium chloride (KCl
40
 S), 
13 g organic carbon (OC)/kg, 0.01 dS/m EC and pH 5.4 (CaCl
2
).
Eight kilograms of air-dried soils were weighed into each pot and mixed with basal nutrients at the following 









































OSeeds were sown at eight 
per pot on  July 9, 2010, and 14 days later seedlings were thinned to four uniform plants, equivalent to about 
100 plants/m2. During the experiment the pots were watered daily to fi eld capacity with de-ionised water. 
Plants were treated with 80 mg/kg of ammonium nitrate soil in solution every fortnight.
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Soil potassium treatments
Six levels of potassium fertiliser were applied using potassium sulphate (K2SO4): nil, 7.5, 15, 30, 60, 120 mg/kg 
of potassium to supplement 15 mg available potassium per kilogram in the soil, making a total of 15, 22.5, 30, 






] was also 
added to the pots in the low-to-median potassium treatments to balance sulphur (S) supply with the high 
potassium treatment. Plants in all potassium treatments were harvested six times through the growing season 
and replicated three times, totalling 108 pots. 
Measurements
The number of main stem leaves was recorded weekly from 21 days after seeding (DAS), and the tiller 
numbers also recorded starting one week later. At heading, the rates of net photosynthesis and stomatal 
conductance were determined on the fl ag leaves using a LCpro+ advanced photosynthesis system (ADC 
BioScientifi c Ltd, UK) at ambient relative humidity of 50%–60%, reference carbon dioxide (CO
2
) of 380 ppm, 
leaf temperature of 20°C and photosynthetic active radiation of 1500 μmol/m2/s.
Plants were harvested at 28, 49, 63, 77and 91 DAS for growth measurements. Final harvest for yield 
components was made at day 117. Shoots were cut off  at the soil surface, and roots were collected. 
Shoots and roots were dried in a forced-draught oven at 60ºC for 48 h and weighed. About 1 g of ground 
shoot material was digested in nitric acid using a Milestone microwave, and potassium concentrations 
were determined by inductively coupled plasma atomic emission spectroscopy. Seed total nitrogen was 
determined using a Leco FP-428 nitrogen analyser.
Statistical analysis
All results were subjected to one-way analysis of variance to assess the eff ects of soil potassium supply. The 
treatment diff erences were separated by Fisher-protected lsd test and accepted at P ≤ 0.05. To ensure the 
normality and homogeneity of variances, results were log-transformed where necessary. The statistics were 
conducted by GenStat 9 (Laws Agricultural Trust, Rothamsted, UK).
Results
Main-stem leaf numbers increased with increase in soil potassium levels of 15, 22.5 and 30 mg/kg (see 
Figure 1). Further increase in soil potassium (45, 75 and 135 mg/kg of potassium), however, did not enhance 
leaf production. By comparison, tiller development was more responsive to soil potassium supply, and the 
diff erence in tiller numbers between the low and high potassium treatments increased with time (see Figure 
1). At heading, tillers per plant were 0, 4, 6, 10, 14 and 16 at 15, 22.5, 30, 45, 75 and 135 mg/kg- soil potassium, 
respectively.
At 28 DAS, shoot dry weight increased with increasing potassium supply up to 75 mg/kg with no further 
increase at 135 mg/kg of potassium, while root dry weight reached a plateau at 45 mg/kg of potassium (see 
Figure 2).  
As the growing season continued, both shoot and root dry weights maximised at 75 mg/kg of potassium 
at 49, 63, 77, and 91 DAS (see Figures 2 and 3). At heading (63 DAS), plants supplied with 75 or 135 mg/kg 
of potassium had a shoot:root ratio of around 2.3, which was doubled for plants with 22.5 or 30 mg/kg of 
potassium, indicating a greater eff ect of potassium defi ciency on root growth.
At heading, leaf net photosynthesis and stomatal conductance of fl ag leaves also reached a plateau at 45 mg/
kg of potassium (see Figure 3). Two weeks later the leaf gas exchanges decreased and achieved lower rates at 
45 than at 75 or 135 mg/kg of potassium. 
Shoot potassium concentrations at heading were 1.2%–1.8% (not signifi cantly diff erent) for the plants 
supplied with 15, 22.5, 30, 45 and 75 mg/kg of potassium but increased to 3.2% in plants with 135 mg/kg of 
potassium (see Figure 3). Shoot potassium contents were 434 mg/pot at 75 mg/kg of potassium and 761 mg/
pot at 135 mg/kg of potassium, despite similar shoot dry weights. At maturity, straw potassium concentration 
was 0.3% at 75 mg/kg of potassium and 1.0% at 135 mg/kg of potassium (see Figure 4), but plants of the two 
treatments had similar seed potassium concentrations (0.5%–0.6%) and seed nitrogen concentrations (3.2%).
Plant height at maturity maximised at 75 mg/kg of potassium, whereas total above-ground dry weight was 
the highest at 135 mg/kg of potassium (see Table 1). Ear numbers increased with each successive increment of 
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potassium between 15, 22.5, 30 and 45 mg/kg, without further signifi cant increase at 75 mg/kg of potassium. 
Plants supplied with 135 mg/kg also showed a non-signifi cant increase in ear numbers compared with plants 
with 75 mg/kg of potassium, despite many more ears than those with 45 mg/kg. Seed size was increased from 
5 mg at 15 and 22.5 mg/kg of potassium to 30 mg at 75 and 135 mg/kg (see Table 1). Seed yield was poor at 
15, 22.5 and 30 mg/kg of potassium and greatly increased at 45 mg/kg, then more than doubled at 75 mg/kg 
and increased again at 135 mg/kg. Harvest index increased with soil potassium supply, and reached 0.46 at 75 
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Figure 1.  The emergence of main-stem leaves and tillers per plants in Wyalkatchem wheat as a function of 
days after seeding and potassium supply in grey sand. Each value is the mean (average) of 12 plants.
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Figure 2.  Shoot and root dry weights over the growth stages of Wyalkatchem wheat as a function of 
potassium supply in grey sand. Values are means of three replicates.
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Figure 3.  Net photosynthesis and stomatal conductance in fl ag leaves, shoot dry weight and potassium 
percentage of Wyalkatchem wheat as a function of potassium supply in grey sand at heading. Values are 
means (±s.e.) of three replicates.
Soil K supply (mg kg-1)























Figure 4.  Straw and seed potassium percentage at maturity of Wyalkatchem wheat as a function of 
potassium supply in grey sand. Values are means (±s.e.) of three replicates.
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Table 1.  Yield components of wheat (Cv Wyalkatchem) in response to potassium supply in grey sand. 













15 20.7 4.0 5.61 0.05 0.78 0.06
22.5 31.0 9.7 4.41 0.25 6.09 0.04
30 39.2 21.0 12.87 3.09 15.89 0.19
45 50.7 31.2 17.84 14.22 41.96 0.34
75 55.7 33.7 31.00 33.28 72.64 0.46





4.7 3.6 5.81 3.02 6.12 0.07
Discussion
Soil potassium supply had greater eff ect on tiller than leaf development or function (stomatal conductance 
and net photosynthesis). While main-stem leaf numbers reached a plateau at 30 mg/ kg of potassium, tillers 
continued to increase with increasing soil potassium, but did not diff er at 75 and 135 mg/kg. Shoot and root 
dry weights also maximised at 75 mg/kg at most growth stages. At luxury potassium supply (135 mg/kg), 
plants had much greater potassium accumulation in shoots with no increase in biomass, but similar seed 
potassium and nitrogen concentrations compared with plants treated with 75 mg/kg. Potassium defi ciency 
increased the shoot:root ratio of plants.
Seed size and harvest index were the same between plants supplied with 75 and 135 mg/kg, of potassium, 
but seed yield increased at 135 mg/kg due to a general increase in ear numbers. Further study is warranted 
to evaluate interactive eff ects of soil potassium supply and terminal drought on yield components and grain 
quality.
Key Words
Wheat, soil potassium supply, plant growth, shoot:root ratio, potassium uptake, yield components, harvest 
index.
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Improving fertiliser management: redefi ning the relationship between 
soil tests and crop responses for wheat in WA 
Wen Chen1, 2, Ross Brennan2, Geoff Anderson2, Richard Bell1 and Mike Bolland2
1School of Environmental Science, Murdoch University
2Department of Agriculture and Food, WA
Key Messages
• The derived critical level for the Colwell soil phosphorus test for wheat increases with the clay content of 
the soil being tested.
• In soil types with less than 5% clay the critical level for the Colwell-soil phosphorus test for wheat was 
21 mg/kg, while for soil types with more than 5% clay the critical level was 35 mg/kg. More research is 
needed to refi ne the relationship between the critical test value for Colwell soil phosphorus and the level 
of soil phosphorus adsorption across diff erent soil types in WA. 
• For wheat crops grown on non-duplex soils, the derived critical value for the Colwell soil potassium test 
was 80 mg/kg. More research focussing on sub-soil potassium is needed to defi ne the critical values for 
the Colwell soil potassium test on duplex soils.
Background and Aims
Most soils in Western Australia (WA) are highly weathered with very low levels of phosphorus. WA soils initially 
contained adequate indigenous soil potassium for cropping but removal of potassium over time in harvested 
grain has gradually resulted in the some soils becoming potassium-defi cient for grain production.
Fertiliser costs represent a signifi cant part of the variable costs of growing crops in WA. Chen et al. (2009) 
identifi ed the need for updated soil test interpretations due to substantial changes in farming systems, 
fertiliser practices and crop yield potential. The aims of this study were (1) to compile experimental data 
containing the standard soil test measurements and observed wheat crop yield responses for both nil and 
fertilised treatments across diff erent soil types and seasons from published or unpublished sources, and (2) 
to critically analyse soil test-crop response relationships to derive better critical soil test values in soils and 
environments suitable for wheat grain production in WA.
Methods
Database
Data were obtained from 266 phosphorus experiments carried out between 1966 and 1999. The data set was 
divided into the two periods:
• First period - 160 experiments over the period 1966 to 1979
• Second period - 106 experiments over the period 1980 to 1999
Over the second period only, soils were identifi ed using the WA soil classifi cation system.
A database of 109 experiments was developed by compiling data from DAFWA potassium fertiliser 
experiments between 1988 and 2002. 
Data analysis
A soil test calibration for a specifi c crop type is the relationship between the measured yield to an applied 
nutrient at a range of experimental sites and the soil test value for each trial site. In this study, relative crop 
yield was used to estimate yield responsiveness to reduce variations in yield response to applied nutrient due 
to site and seasonal conditions, and was calculated using the following equation:  
% Relative Yield = 100 x (Yield of unfertilised treatment (Y
0
) /maximum yield obtained (Y
max
)
Historically, several yield response functions (linear-linear, linear-plateau and Mitscherlich) have been used to 
fi t relationships between % relative yield and soil test value. The Mitscherlich model used was:
Y=a – be-cx
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Where y is relative yield; a, b, and c are constants; and x is Colwell-P or Colwell-K soil test. For each nutrient, the 
critical value was calculated based on the soil test values (0-10 cm) corresponding to 95% of the maximum 
predicted relative yield. The critical value is defi ned as the critical soil test value below which defi ciency is likely 
to reduce crop grain yield.  
Figure 1. Mitscherlich regression lines fi tted to (a) the whole data set (b) experiments carried out since 
1980, (c) experiments carried out since 1980 with acid sites removed and (d) experiments carried out since 
1980 on grey sand () and other soils () with acid soil sites removed.
Results
Phosphorus
The calibration relationship between relative yield and Colwell soil phosphorus test (Figure 1a and Table 1) was 
poor when the regression was fi tted to all data. However, when the data from experiments carried out before 
1980 were removed (due to insuffi  cient soil information), the relationship improved signifi cantly (Figure 1b 
and Table 1). The derived critical level for the Colwell soil phosphorus test for wheat across all 106 trials was 
29 mg/kg (Table 1). 
The critical level also varied depending on soil groups (Figure 1d and Table 1). For grey sands (less than 5% 
clay) the critical level for the Colwell soil phosphorus test for wheat was 21 mg/kg, while for soils with more 
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Table 1. Summary of Colwell-soil P test calibrations for wheat
Experiments Number of 
observations
r2 Soil test critical 
level (mg /kg)
All experiments 266 0.00 -
Post-1980 experiments 106 0.81 29
Grey sand or soils with < 5 %clay 38 0.73 21
Other soils or soils with > 5 % clay 60 0.90 35
Potassium
Across all experiments, the Colwell soil potassium test was not related to relative wheat yield (Figure 2a). There 
was a small improvement in the calibrations when the data on low nitrogen treatments were removed (Figure 
2b). When the data were separated according to soil type, there was a signifi cant relationship between the 
Colwell soil potassium test and relative wheat yield (Figure 2d). For wheat crops grown on soil types other 
than duplex soils, the derived critical level for wheat was 80 mg/kg (Table 2).
Table 2. Summary of Colwell-soil K test calibrations for wheat
Experiments Number of 
Observations
r2 Soil test critical 
level (mg/kg)
All experiments 152 0.00
Minus low N treatments 113 0.25
Soil type
Duplex soils 42 0.00
Soils other than duplex soils 71 0.54 80
Conclusion
The derived critical level for the Colwell soil phosphorus test for wheat across all 106 trials was 29 mg/kg. 
However, the critical levels varied depending on soil type (due to the diff erences in soil phosphorus 
adsorption). For the soil types with < 5% clay, the critical level for Colwell-soil phosphorus test for wheat was 
21 mg/kg, but for soil types with > 5% clay, the critical level was 35 mg/kg. More trials are needed to refi ne 
the relationship between critical Colwell soil phosphorus test value and soil phosphorus adsorption across 
diff erent soil types. 
For wheat crops grown on soil types other than duplex soils, the derived critical value for Colwell soil K test 
was 80 mg/kg. For duplex soils, most Colwell K values were < 50 mg/kg, but yield ranged from 20-100 % of 
maximum with these low K values. More research on crop response in relation to sub-soil K levels is needed to 
develop critical values for Colwell soil K test for duplex soils.
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F igure 2. Mitscherlich equation fi tted to (a) the whole data set (b) the whole data set with low nitrogen 
rates (Δ) removed, (c) duplex soils and (d) soils other than duplex soils.
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Improved phosphorus and potassium fertiliser management: 
redefi ning the soil test and lupin response relationships in WA
Wen Chen1, 2, Ross Brennan2, Geoff Anderson2, Richard Bell1 and Mike Bolland2
1School of Environmental Science, Murdoch University, Western Australia
2Department of Agriculture and Food, WA 
Key Messages
The estimated critical values of Colwell soil phosphorus needed to achieve 95% maximum lupin yields varies 
with soil type due to diff erences in soil phosphorus adsorption. For soil types with a phosphorus retention index 
(PRI) equal to 1, the critical value for Colwell-soil phosphorus in lupins was 25 mg/kg. However, for soils with a PRI 
of 2 or 3 the relationship between the Colwell-soil phosphorus test and relative yield was poor. More research is 
needed to better understand the availability of soil phosphorus in soils with PRI values of more than one.  
The derived critical value for the Colwell soil potassium test for lupin grown on grey sands with phosphorus 
not limiting was 31 mg K/kg. 
Aims
When phosphorus requirement experiments in lupins were started in the early 1970s, most soils were highly 
defi cient in phosphorus and consequently lupin yields were highly correlated (r2=0.72) with the Colwell soil-
phosphorus test, with a critical value defi ned as 20 mg P/kg soil. However, as phosphorus was applied to the 
soil the phosphorus status improved and this has, in turn, altered the ability of the Colwell soil phosphorus 
test to predict phosphorus response. Over time, various measurements of soil ability to adsorb phosphorus 
have been developed. The phosphorus retention index (PRI) was introduced during the early 1990s while 
the phosphorus buff er index (PBI) was introduced during the early 2000s (Bolland et al., 2006). Incursion of 
an indicator of phosphorus sorption into the phosphorus calibration curves can improve the ability of the 
phosphorus soil test procedure to predict phosphorus requirements of pastures (Bolland and Russell, 2010). 
In general, lupins are grown on sands that have a relatively low capacity to adsorb phosphorus. Within the 
available data base of phosphorus experiments done with lupins, PRI levels can be grouped into PRI=1, PRI=2 
and PRI=3. These diff erent PRI levels are known to have an impact on the shape of the phosphorus calibration 
curve for pastures (Bolland et al., 2010). The aim of this paper was to examine whether inclusion of PRI levels 
in the phosphorus soil test procedure could improve the ability of the Colwell soil phosphorus test to predict 
phosphorus defi ciency in lupins.
While WA soils initially contained adequate indigenous soil potassium for cropping, removal of potassium over 
time in harvested grain gradually resulted in some soils becoming potassium defi cient for grain production. 
While studies have been done to determine the potassium requirements of lupins grown on grey sands, a 
calibration for the relationship between relative yield and Colwell soil potassium test has not been reported. 
An additional aim of this paper was to examine the ability of the Colwell soil potassium test to predict 
potassium defi ciency in lupin grown on grey sands. 
Methods
Database
Data were obtained from 394 phosphorus experiments carried out by DAFWA during 1973 to1994. The trials 
were done mainly on coloured sands (grey, yellow, red and brown) although some experiments were also 
done on loamy sands and duplex soils. Measurements of the Colwell soil phosphorus test level and PRI were 
taken from soil samples collected before the experiments. Phosphorus fertiliser was applied at a rate of up 
to 80 kg P/ha in most experiments, with higher rates used in some experiments. Phosphorus was applied in 
the form of single super phosphate via top dressing before seeding and drilled, banded or deep-banded at 
seeding. Grain yield (t/ha) was measured at harvest. 
For potassium, a database of 26 experiments was compiled from potassium fertiliser experiments done on 
grey sands carried out by DAFWA during 1977 and 2003. Colwell soil potassium test levels were determined 
for the soil samples at the start of the trials. Potassium fertiliser was applied at a rate up to 160 kg K/ha in most 
experiments by top dressing potassium chloride before seeding. Grain yield (t/ha) was measured at harvest.
Agribusiness Crop Updates 2011
124
Data analysis
A soil test calibration for a specifi c crop type is the relationship between the measured yield to an applied 
nutrient at a range of experimental sites and the soil test value for each trial site. In this study, relative crop 
yield was used to estimate yield responsiveness to reduce variations in yield response to applied nutrient due 
to site and seasonal conditions, and was calculated using the following equation:  
% relative yield = 100 x (yield of unfertilised treatment (Y
0
) /maximum yield obtained (Y
max
)
Historically, several yield response functions (linear-linear, linear-plateau and Mitscherlich) have been used to 
fi t relationships between relative yield and soil test value. The Mitscherlich equation of the following form was 
used in this study.
Y=a – be
-cx
Where y is relative yield; a, b, and c are constants; and x is the Colwell soil phosphorus or potassium soil test. 
For each nutrient, a critical value was calculated based on the soil test values (0-10 cm) corresponding to 95 % 
of the maximum predicted relative yield. The critical value is defi ned as the critical soil test value below which 
defi ciency is likely to reduce crop grain yield.
Results
Phosphorus
The calibration relationship between relative yield and the Colwell soil phosphorus test (Figure 1a and Table 
1) was poor when the regression was fi tted to all data. When the data were separated into PRI classes PRI =1 
(Figure 1b), PRI=2 (Figure 1c) and PRI=3 (Figure 1d), the relationship for PRI=1 class was improved (Table 1). 
The derived critical value of the Colwell soil phosphorus test for lupin when PRI=1 across 188 trials was 25 mg 
P/kg (Table 1). This level is higher than the critical level of 15 mg P/kg soil derived for pastures grown on soils 
with PRI ranging from 0.35 to 1.00 (Bolland et al., 2010). For the other PRI classes the critical level could not be 
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Figure 1. Relationship between Colwell soil P test and relative yield when (a) the whole data set is used (b) 
experiments with PRI=1, (c) experiments with soil PRI=2 and (d) experiments with soil PRI=3
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Table 1. Summary of Colwell soil P test calibrations for lupins
Experiments Number of 
observations
R2 Soil test critical level
(mg /kg)
All experiments 394 0.36 44
Experiments with soil PRI=1 188 0.71 25
Experiments with soil PRI=2 108 0.10 -
Experiments with soil PRI=3 97 0.17 -
Potassium
The Colwell soil potassium test was related to relative lupin yield for experiments carried out on grey sands 
when phosphorus was not limiting (Figure 2). The critical Colwell soil potassium test was defi ned as 31 mg K/
kg soil (Table 2). 
Table 2. Summary of the Colwell soil K calibrations for lupins
Experiments Number of 
Observations
R2 Soil test critical level 
(mg/kg)
P not limiting 26 0.80 31
Figure 2. Relationship between the Colwell soil potassium test (mg K/kg soil) and relative yield for 
experiments carried out on grey sands when phosphorus was not limiting production.
Conclusion
The derived critical value for the Colwell soil phosphorus test for lupins across soils with a PRI equal to 1.0 (188 
trials) was 25 mg P/kg. For other soils with diff erent PRI classes, PRI =2 and PRI=3, the critical level could not be 
defi ned at present due to low r2 values for the calibration curve. 
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For lupin crops grown on grey sands and with adequate phosphorus, the critical value of the Colwell soil 
potassium test was 31 mg K/kg. 
Key Words
Phosphorus, potassium, critical level
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Converting phosphorus retention index (PRI) to phosphorus buffering 
index (PBI) for Western Australian soils
Peter Rees and Sandy Alexander
Summit Fertilizers
Key Messages
• There is a strong correlation between the new national standard for measuring phosphorus (P) sorption, 
the phosphorus buff ering index (PBI), and the previously common single point phosphorus retention 
index (PRI).  
• Growers and researchers can use the following formula to transform older PRI soil test data to a 
calculated PBI, which will allow them to compare their soils to the new national standard.
PBI = 13.757(PRI)0.5183, R2= 0.94
• Previous studies (Bolland and Windsor, 2007) established a quadratic relationship for sandy soils, 
which was limited in its suitability to soils of lower PRI, or mainly soils with a low phosphorus sorption 
(PRI<101).  This new relationship can be used to transform any previous PRI soil test value to an accurate 
estimate of PBI.
Aims
This study compared 68 soil samples taken from around the Western Australian agricultural region to 
determine whether a strong correlation existed between the previous standard for determining soil 
phosphorus (P) sorption in WA, phosphorus retention index (PRI), and the new national test for phosphorus 
buff ering index (PBI).
Method
Soil selection and analysis
During the 2009 summer 68 soils were chosen from a variety of locations throughout the WA wheatbelt. The 
soils were selected to cover a wide variety of parent materials, nutritional backgrounds and physical properties 
aimed at giving researchers a wide range of phosphorus sorption values.  Each sample was analysed for PRI 
(Allen and Jeff ery, 1990) and PBI (Burkitt et al., 2002) by an independent Australian Soil and Plant Analysis 
Council accredited laboratory.  Both phosphorus sorption methods give a meaningful measure of the level 
of sorption of phosphorus when additional phosphorus is applied to the soil, although the extractants and 
calculation methods diff er.
Data analysis
To determine the relationship between PBI and PRI, the data was plotted with PBI on the y-axis and PRI on 
the x-axis.  The data was then fi tted to linear, exponential, power or polynomial functions, to determine the 
relationship that best fi tted, as measured by the coeffi  cient of determination (R2).
Results
When the data set was plotted, the relationship between PRI and PBI was strongly positive, with increasing 
PRI associated with higher PBI (see Figure 1). The relationship was most accurately described by the power 
function
PBI = 13.757(PRI)0.5183
which could be used to calculate an estimated PBI with an R2= 0.94.  Using a power function not only provided 
the highest correlation between the measures of PRI and PBI, but also overcame the limitations of previous 
formulae, which used a quadratic to transform the data set, but had a maximum PRI range of 0-101.
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y = 13.757x 0.5183
















Figure 1.  Relationship between PRI and PBI and plotted line of best fi t.
Conclusion
From the 68 soils analysed in this project, there was a strong relationship between PRI and PBI. This fi ts 
expectation, as the soil characteristics associated with a high PRI (clay content, cation exchange capacity 
[CEC], organic carbon [OC], and pH along with the presence of aluminium [Al], iron [Fe] and to a lesser extent 
Calcium [C]) will also result in a high PBI.
The equation derived from the data can confi dently be used to transform older soil test measures for PRI 
to calculated values of PBI, allowing for meaningful comparison between the two measures of phosphorus 
sorption.
Key Words
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Variability of radiometric potassium and Colwell potassium 




Potassium (K) fertiliser prices have increased dramatically over the past two years, leading to reduced 
applications and increased occurrences of K defi ciency in crops. The spatial distribution of soil potassium 
concentrations is also highly variable. This combination of high prices and variable concentrations has led 
to a situation where signifi cant economic effi  ciencies can be made from varying potash rates according to 
background soil K levels. Radiometric potassium (γ-K) concentrations are often strongly correlated with soil 
Colwell K levels, however the nature of these relationships varies signifi cantly between locations and is most 
likely related to soil parent material. 
Aims
This study sought to assess the variability of relationships between γ-K concentrations and Colwell K levels 
across four locations in the Great Southern region. The economic benefi ts of variable rate potash applications 
are also considered.
Method
Wong and Harper (1999) found strong relationships between ground-based measurements of γ-K and 
topsoil plant available K in a study near Jerramungup. This study sought to identify the consistency of these 
relationships across diff erent locations within the Great Southern region of Western Australia. The sites from 
the present study are located 12 km northwest of Katanning (Hillcrest), 5 km east of Broomehill (Mantonvale), 
26 km southeast of Gnowangerup (Arazone) and 12 km NE of Pingrup (Wildwood). 
Geophysical data
Gamma-radiometric was gathered with a Radiation Solutions RSX-1 detector (4L NaI crystal). These data 
were gathered at a sampling density of approximately 60 readings/ha. Electromagnetic data was collected 
simultaneously with a DUALEM38 instrument. Interpolated surfaces were created by Precision Cropping 
Technologies using the exponential moving average technique. Processed data were analysed using 
Viewpoint II, a Geographical Information Systems (GIS) software package designed for Precision Agriculture 
applications1. 
Soil data
Soil samples were collected from between nine and thirteen sites across each study area at a density of 0.02 
samples/ha. Sample sites were selected according to the spatial distribution of electromagnetic and γ-K 
variations. Soil samples were collected by a hydraulic soil corer of 50 mm diameter, with subsamples bulked at 
depth intervals of 0-10 cm and 10-30 cm. Samples were analysed for Colwell K by CSBP’s soil laboratory.
Results
Despite all areas having granite basement geology, there was a considerable degree of variation in regolith (i.e. 
soil parent material) between each of the study areas as shown in Table 1.  The main diff erences between the 
study areas were the presence of Aeolian sands at Arazone, an absence of lateritic gravels at Mantovale and 
presence of outcropping dolerite at Hillcrest. 
1  See http://www.deltasystems.com/ 
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Table 1. Soil-landscapes mapping units, geological units and representative soil groups of each study area.
Study area DAFWA Soil Landscape 
mapping units
Geological units Soil groups
Hillcrest
(500ha)
Carrolup 2 subsystem (Percy, 
2000)
Predominantly Archean biotite 
granite and adamellite; weathered 
granite and dolerite




Carrolup 2 subsystem; Tieline 
1&2 subsystems; Upper 
Pallinup 2&3 subsystems 
(Percy, 2000)
Predominantly Quaternary 
colluvium and alluvium over 
weathered granite, gneiss, 
adamellite and dolerite
Grey deep and shallow sandy 
and loamy duplex; alkaline grey 




Hydenup 2 subsystem and 
sandy phase; Upper Pallinup 3 
subsystem (Percy, 2000)
Predominantly Cainozoic sand 
(aeolian) over laterite over granite 
and deeply weathered material; 
Archaen gneiss, weathered granite, 
adamellite and dolerite and 
colluvium 
Pale deep sands; Grey deep 
sandy duplex;  duplex sandy 
gravel and deep sandy gravel; 
Grey sandy duplex soils, 
generally shallow, outcrops of 
granite and dolerite and minor 
areas of red duplex soils
Wildwood
(658ha)
Newdegate 4 subsystem 
(Overheu, unpublished)
Predominantly Cainozoic reworked 
sandplain; laterite and lateritic 
colluvium over weathered granite
Yellow/brown sandy duplex 
soils, duplex sandy gravels and 
shallow gravels
Strong, positive linear relationships between γ-K and Colwell K were observed, with coeffi  cients of 
determination ranging from 0.79 to 0.91 (Figure 1). Consistent with the variation in basement geology and 
regolith between study areas, there was a large degree of variation between study areas in the gradient and 
intercepts of the regression lines describing the relationships.
Figure 1.  Relationship between gamma radiometric potassium and weighted average Colwell K from 0-10 
cm and 10-30 cm sampling depths.
Give that crop responses to potassium fertiliser are only expected below 100 mg/kg Colwell K (Cox, 1980), 
separate analyses were conducted on subsets of data at <100 mg/kg Colwell K. The strength of these 
relationships varied from R-sq 0.59 at Wildwood, 0.78 at Arazone, 0.67 at Mantonvale and 0.56 (2nd order 
polynomial) at Hillcrest (Figure 2).
Delineation of potash priority areas
The proportions of the study areas interpreted as having below 100 mg/kg Colwell K based on the full data set 
correlations were 24% (158 ha) at Wildwood), 33% (182 ha) at Arazone, 95% (475 ha) at Hillcrest and 100% (330 
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ha) at Mantonvale. However, due to the large range of Colwell K and γ-K measurements, correlations based on 
the restricted (i.e. <100 mg/kg Colwell K) were used to determine variable rate zones. This resulted in larger 
areas being prescribed potash applications than basing potash rates on the full data set across all properties 
except Mantonvale.
Figure 2 .  Relationship between gamma radiometric potassium and weighted average Colwell K from 
0-10 cm and 10-30 cm sampling depths for subset of data below 100mg/kg Cowell K.
The Department of Agriculture and Food WA’s Crop Potassium Model (Scanlan and Bowden) was used to 
identify optimal muriate of potash (MOP) rates based on a target wheat yield of 3t/ha, $330/t wheat price and 
$900/t MOP.
The weighted average 0-30 cm soil Colwell K cut-off  point at which MOP was assumed as being required 
was set at 50 mg/kg, with areas interpreted as having above 40 mg/kg Colwell K requiring 10 kg/ha MOP, 
30-40 mg/kg Colwell K requiring 30 kg/ha MOP, and below 30 mg/kg Colwell K requiring 40 kg/ha MOP. 
Table 2 summarises the resulting areas requiring diff erent rates of MOP, along with the total amounts of MOP 
prescribed in both variable and blanket rate scenarios. 
Table 2.  Areas (ha) requiring diff erent rates of MOP based on correlations on weighted average 0-30cm 
soil Colwell K, along with the total amounts and costs of MOP. Assumed blanket rates shown in bold.





Hillcrest 94 172 0 6.1 15.0
Mantonvale 40 100 150 9.4 13.2
Arazone 97 190 0 6.7 16.5
Wildwood 0 117 40 5.1 19.7
Economic implications of potassium variability
Comparisons between blanket and variable rate MOP applications were made based on the assumption that 
the blanket rate used was equal to that with the largest area from the variable rate calculations, i.e. a rate of 30 
kg/ha for all properties except Mantonvale which was 40 kg/ha. These comparisons and the savings in MOP 
usage are summarised in Table 3.
The radiometric surveying cost is a once-off  investment of between $15/ha and $25/ha; therefore the cost 
of surveying is cost-neutral in the short-term, with benefi ts accruing in the medium to long-term based on 
the effi  ciencies shown above. Ongoing monitoring of topsoil and midsoil potassium is recommended to 
determine variable-rate eff ectiveness and appropriate rates of future potash applications.
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Table 3. Savings from variable rate MOP applications based on relationships between gamma radiometric 
potassium and Colwell K
Study area Variable rate MOP cost Blanket rate MOP cost Savings ($/ha)
Hillcrest $5490 $13,500 $8010 ($16.00)
Mantonvale $8460 $11,880 $3420 ($10.35)
Arazone $6003 $14,850 $8847 ($16.10)
Wildwood $4600 $17,766 $13,166 ($20.00)
Conclusion
Radiometric surveys of four study areas across the Great Southern region revealed wide variation in the 
nature of the relationships between γ-K and Colwell K. This is most likely a refl ection of the diff erences in 
regolith and soil formation processes between the study areas. Radiometric potassium concentrations 
generally decline with weathering, and are indirectly associated with clay minerals (Wilford, 2008). Signifi cant 
relationships between γ-K and average top-midsoil Colwell K were observed across the study areas and led to 
the development of variable rate prescriptions. Potassium cost savings depended on the distribution of γ-K 
concentrations across each study area, potash fertilisation history and potassium exports through production. 
The wide variation in the nature of the relationships between γ-K and soil Colwell K observed across the study 
areas reveals the necessity for local calibration of these relationships. The present study also suggests that 
further local research into the infl uence of soil parent material on γ-K distributions and consequent potassium 
fertility is required. Given the savings achieved through variable rate potash applications shown here, the use 
of gamma radiometric surveying has the potential to signifi cantly benefi t agricultural productivity in the face 
of rising potassium prices.
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Rotary spading and mouldboard ploughing of water-repellent 
sandplain soil fulfi ls promise
Stephen Davies, Craig Scanlan and Breanne Best
Department of Agriculture and Food, WA
Key Messages
• Both rotary spading and mouldboard ploughing successfully overcame water repellence and both 
resulted in large grain yield increases mostly in the order of 500–1200 kg/ha.
• Spading and ploughing of water-repellent sandplain soils with reasonable subsoil water holding 
capacity is more benefi cial than for the pale deep sands whose low water holding capacity limits the 
opportunity to realise the improved yield potential, particularly in seasons with a dry fi nish.
Aims
To assess the impact of full inversion mouldboard ploughing and partial inversion rotary spading on soil water 
repellence, crop growth and grain yield using large-scale on-farm trials.
Method
During 2010 numerous growers in the Northern Agricultural Region (NAR), Western Australia implemented on-
farm trials to test the value of one-off  rotary spading or mouldboard ploughing of water-repellent sandplain 
soils. A number of these trials were selected and assessed to measure the impact of these tools on soil water 
repellence, crop growth and yield. The implements used were 4 m wide rotary spaders with working depths 
of 25–30 cm or 7–9 furrow one-way or reversible mouldboard ploughs with working depths of 30–35 cm. In 
most instances the trials were grower-scale unreplicated strip trials with untreated control crops either side 
of the treatment strips. In most cases the strips were wide enough to accommodate header cuts and ranged 
from 500 to 1500 m long. Establishment counts and sampling for soil analyses, crop biomass and yield were all 
carried out at paired sampling sites to account for soil variation. We targeted those parts of the paddock most 
strongly exhibiting water repellence, as the primary aim was to overcome water repellence. 
Samples for water repellence testing were collected from 0–5 cm. Dried samples were assessed for water 
droplet penetration time (WDPT) under standardised laboratory conditions. Hand-harvest cuts were taken at 
crop maturity with crops harvested at ground-level so measures of above-ground biomass, head numbers, 
grain yield, harvest index and grain quality could be measured. Where available, yield monitor data from the 
header was collected on and off  the treated strip as a measure of machine harvest yield. The soil types in this 
group of trials fell into two broad groups. One group was the highly-repellent pale, yellow and brown deep 
sands with low clay content to depth (typically <5%) and very poor water holding capacity. The other group 
includes soils with highly-repellent sandy topsoils but with reasonable subsoil water holding capacity. This 
included the yellow loamy sands (also known as sandy earths) whose subsoil clay contents of ~5–10% and the 
sand over gravel soils with subsoil having high gravel content typically in a loamy or clayey soil matrix.
Results
Mouldboard ploughing and rotary spading were both successful at improving crop establishment. In 
untreated control areas establishment was staggered and due to the lengthy periods between rains at the 
break of the season many plants established quite late. By comparison ploughing or spading resulted in even 
establishment at the break of the season (data not shown). We used water droplet penetration time (WDPT) to 
compare the water repellence of the control and soil inversion treatment at each site. The control treatments 
had severe water repellence with WDPT exceeding 600 seconds (10 minutes) at all the sites apart from a 
loamy sand site at Marchagee (WDPT = 182 secs, moderate repellence; see Table 1). The water repellence 
of the spader and mouldboard treatments was variable, ranging from 2 to > 600 seconds. Spading tends to 
have higher WDPT than mouldboard ploughing as spading leaves some topsoil near the surface. Mouldboard 
ploughing usually results in very low WDPT measures except in those cases where the soil conditions (too 
dry) or plough set-up results in incomplete inversion. The Fordham site is an example of this, although crop 
establishment was still much improved at this site. Lower WDPT measures are also achieved on soils with 
higher clay contents in the subsurface soil, such as the loamy sands at the O’Callaghan and Smart sites (see 
Table 1). The clay brought to the surface through inversion on these soils further aids soil wettability.
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Table 1.  Impact of rotary spading or mouldboard ploughing on water droplet penetration time (WDPT; 
seconds) for 0–5 cm soil samples 








Harris (wheat) Binnu Yellow deep sand Spader 2010 >600 470
O’Callaghan (wheat) Marchagee Yellow loamy sand Spader 2010 182 5
Hayes (wheat) Warradarge Pale deep sand Spader 2010 >600 418
Hayes (wheat)* Badgingarra Pale deep sand Spader 2009 >600 8
Smart (wheat) E. Nabawa Yellow loamy sand Mouldboard 2010 >600 2
Fordham (wheat) Badgingarra Brown deep sand Mouldboard 2010 >600 >600
Kenny (barley) Badgingarra Pale deep sand Mouldboard 2010 >600 38
* This site was rotary spaded during 2009 so this represents a second-year response to spading.
Both of these tillage tools alter nutrient distribution in the soil profi le. The partial inversion achieved by 
spading means the changes in nutrient distribution through the soil profi le are not as dramatic as occurs 
with the full inversion achieved using mouldboard ploughing. On the pale deep sand at Kenny’s mouldboard 
ploughing resulted in signifi cant redistribution of, organic carbon (OC), nitrogen (N), phosphorous (P) 
and potassium (K) out of the top 0–10 cm layer into the 10–30 cm layer (see Figure 1). Increased nitrogen 
mineralisation of the inverted organic matter as a result of aeration and soil moisture is the likely reason for 
the spike in nitrate at depth (10–30 cm) after mouldboard ploughing (see Figure1). The redistribution of 
phosphorus where Colwell P in the 0–10 cm layer was reduced from 20 mg/kg to 6 mg/kg by mouldboard 




































































































































Figure 1.  Impact of soil inversion on soil nutrient and organic carbon distribution in a pale deep sand 
profi le at Badgingarra (Kenny’s) during 2010 following a long-term blue-lupin pasture.
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Substantial biomass and grain yield increases were seen at all the sites (see Tables 2 and 3). Mature shoot 
biomass was increased by both spading and mouldboard ploughing by an average of 2 t/ha, and there was an 
average increase of more than 100 heads/m2 as a result of the use of these soil inversion treatments (see Tables 
2 and 3). These results are largely a result of improved (earlier) and more even establishment resulting denser 
crops, which was particularly evident on the most severely water-repellent deep sands, such as the Hayes 
site at Warradarge (see Table 2) and the Kenny barley site (see Table 3). On average, grain yield was increased 
by more than 800 kg/ha for both treatments but there was signifi cant variation between soil types. The yield 
response of wheat on the deep sands was about 400–700 kg/ha whereas on soil with water-repellent topsoil 
but reasonable water holding capacity subsoil the yield responses tended to be higher with all but the Smart 
site having increases of 1000 kg/ha or more. This result is not surprising given that all the sites experienced a 
dry fi nish to the season and the deep sands would have had little stored water for grain fi lling. 
While removing the non-wetting constraint usually leads to higher grain yields it can increase the risk of 
haying off .  The Hayes’  Warradarge site is a good example of this, rotary spading lead to an increase of crop 
biomass at fl owering 2.1 t/ha yet grain yield only increased by 0.4 t/ha with a large increase in screenings (see 
Table 2).
Discussion
Yield response to amelioration
There are many possible factors that may be resulting in the large grain yield responses measured after using 
these tillage tools including: 
• Reduced water repellence.
• Improved and earlier (more even) crop emergence.
• Improvements in the pH profi le through burial of higher pH topsoil and lifting of low pH subsoil and 
incorporation of surface applied lime. 
• Reduced soil strength through a soil loosening (deep ripping) eff ect. 
• Reduced weed competition (see Newman 2010 Weed response to inversion – in these proceedings).
• Changes in nutrient and organic carbon distribution.
• Increased nitrogen mineralisation.
• Reduced occurrence of stubble and soil-borne pests and disease.
• Reduced carryover of residual herbicides in water-repellent soil.
It is likely the relative importance of these factors may vary from site to site and it may be diffi  cult to determine 
which of these factors are the main drivers of the yield response in any given situation. Several of these factors, 
including the impacts of these techniques on pests and disease and carryover of residual herbicides, have 
received no research attention to date. At this stage use of both the spader and the mouldboard plough seem 
to result in similar yield increases during the fi rst year. 
Impact on soil water repellence
Both implements ameliorate water repellence. The mouldboard plough does this by completely inverting and 
burying the water-repellent topsoil and bringing to the surface wettable topsoil.  Rotary spading is diff erent 
in that it does not evenly mix the subsoil and topsoil. Some clumps of topsoil tend to get moved to depth 
while seams of subsoil are lifted to the surface but there are still signifi cant amounts of repellent topsoil near 
the surface. Overall approximately two-thirds of the topsoil is buried through spading with the remaining 
one-third being mixed through the topsoil. It was observed following reasonable rains after a mid-season dry 
spell during 2010 that the seams of subsoil created by spading provided many more preferential pathways 
for water entry into the spaded soil, so any additional mixing or homogenisation of these soils may destroy 
these preferred pathways and needs to be avoided or the benefi ts might be lost. Because of these diff erent 
mechanisms it is suspected that amelioration of water repellence by mouldboard ploughing may last longer 
than the amelioration by spading but we have no data to confi rm this yet.
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Nutrition
The implication of the re-distribution of the organic matter and nutrient rich topsoil from the use of these 
implements varies for each of the nutrients. Both spading and mouldboard ploughing are likely to increase 
nitrogen mineralisation although this can vary due to a range of factors including the amount and type 
of stubble buried. Reduction of phosphorus levels in the surface soil may have a negative impact on crop 
growth because phosphorus is needed early for tiller production. Fertiliser strategies need to account for this. 
Remember however, that while topsoil phosphorus concentrations may indicate the presence of adequate 
phosphorus in the control situation, not all of this may be available in water-repellent soils that remain dry for 
much of the growing season. The redistribution of potassium to depth poses less of a problem for crop growth 
because the crop can ‘grow into’ potassium in the 10–30 cm layer. This redistribution of nutrients highlights the 
need to carry out soil testing post-treatment including subsoil testing.
Which implement to choose
Deciding which of the implements is best to use comes down to each individual grower’s priorities and what 
they want to use the tools for. A mouldboard plough is the best tool if weed control is a high priority, plus 
it is cheaper and faster to use but can require more technical skill to get the plough set-up correct and the 
inverted soil is very soft and will need to be rolled in a separate operation. Previous research has shown that 
the spader can control 60–70% of the weeds compared with >90% for the mouldboard plough. The spader is 
the better tool for incorporating amendments, including clay-rich subsoil (claying) or lime into acid subsoils. 
Spading leaves some water-repellent topsoil near the surface so emerging crops do have access to some soil 
nutrients, including phosphorus in the surface soil but it may also mean that water repellence can re-develop 
more rapidly on spaded soils compared with those inverted by the plough. Many growers and contractors 
prefer to deep rip the soil before spading to decrease the soil strength and remove rocks or stumps but this is 
an additional cost. 
Fitting spading and mouldboard ploughing into the system
Given the higher yields, improved weed control and reduced water repellence many growers are keen to 
undertake more rotary spading and mouldboard ploughing on their farms. The problems and concerns raised 
by growers in regards to the use of these tools are: 
• Soil softness can result in poor traffi  cability in ploughed soils that haven’t had adequate rolling the soil 
can be very soft even at harvest. Rolling the soil after mouldboard ploughing is a necessity. 
• Many growers do not have access to tractors with three-point linkage with suffi  cient horsepower 
for these implements. This may be mitigated somewhat as tool carriers are available for mouldboard 
ploughs and more trailing spaders are becoming available.
• The high erosion risk associated with burying all soil cover is the only reason why some growers are 
not adopting large mouldboard ploughing or spading programs. It is not possible to remove this risk, it 
can only be minimised by ploughing or spading the soil when it is wet and sowing a cereal cover crop 
immediately.
• Timing of ploughing and spading is a huge constraint. Contractors are only likely to come at a grower’s 
preferred time if they have a large renovation programme planned and the demand for contract 
ploughing and spading services is likely to grow. The cost of large renovation programme may make 
purchasing a plough or spader more attractive to a grower but then they may also need to purchase a 
suitable tractor and will need to fi nd an operator at a time when there is competition from other seeding 
and spraying operations.
Key Words
Water repellence, rotary spading, mouldboard ploughing, crop nutrition
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Soil nitrous oxide (N2O) fl uxes are low from a grain legume crop grown 
in a semi-arid climate
Louise Barton1, Klaus Butterbach-Bahl2, Ralph Kiese2 and Daniel Murphy1
1 School of Earth & Environment, University of Western Australia, Crawley 6009, Australia
2 Karlsruhe Institute of Technology, Institute for Meteorology & Climate Research, Garmisch-
Partenkirchen, Germany
Key Messages
• Daily nitrous oxide (N
2
O fl uxes) were low from a soil cropped to lupins and similar to an uncropped 
(bare) soil.
• Greatest daily N
2
O fl uxes occurred when the soil was fallow and following a series of summer rainfall 
events. The contribution of the biological nitrogen (N) fi xation process to N
2
O emissions appeared 
negligible, while N
2
O emissions from the decomposition of legume crop residue following harvest were 
also low compared with temperate agricultural systems.
• It is advisable to use local data, rather than international default values, when calculating the carbon 
footprint of Western Australian grain production.
Background and Aims
Legume crops contribute valuable nitrogen (N) inputs to farming systems throughout the world. Conservative 
estimates suggest cultivated crop and pasture legumes provide 33 to 55 Mt of nitrogen to agriculture on a 
global basis, despite the progressive replacement of legume rotations with synthetic nitrogen fertilisers during 
the past four decades (Crews and Peoples, 2004). Nitrogen fi xed by legumes contributes to human food 
production, via fresh pods and dry grains, or as a feedstock and pasture for animals.  Non-nitrogen-fi xing crops 
have been shown to benefi t from legume crops through a variety of mechanisms including soil nitrogen 
inputs, disease breaks and improved soil fertility.  However, nitrogen fi xation by cultivated legumes is also 
considered to enhance anthropogenic nitrous oxide (N
2
O) emissions (Stehfest and Bouwman, 2006). 
Nitrous oxide fl uxes from legume crops is mainly derived from decomposition of the above- and below-
ground legume residues, with losses from the biological nitrogen-fi xation process per se considered to be 
negligible (Rochette and Janzen, 2005).  Nitrogen released from legume residues is at risk of being emitted as 
N
2
O via a number of soil biological processes, including nitrifi cation, denitrifi cation and nitrifi er denitrifi cation 
(Wrage et al., 2005).  These soil biological processes, and the emission of N
2
O, are greatly enhanced by 
increased nitrogen availability.  Although estimated N
2
O emissions appear low into relation to legume residue 
inputs (1.25% of nitrogen fi xed) (IPCC, 2006), the high global warming potential of N
2
O (298 times greater than 
carbon dioxide [CO
2
]) means accurate estimates are required when assessing net greenhouse gas fl uxes from 
legume-based systems.  
Legume systems are estimated to emit around 10% of total anthropogenic N
2
O emissions, however this value 
is largely estimated from studies carried out in temperate agricultural systems (Stehfest and Bouwman, 2006).  
Legume crops are widely grown in semi-arid and arid regions, which constitute one-third of the global land 
area.  Yet, N
2
O fl uxes from legume crops grown in the absence of synthetic or organic nitrogen inputs do not 
appear to have been reported for these regions (Rochette and Janzen, 2005; Stehfest and Bouwman, 2006).  
The south-western Australian grain belt includes 18 million hectares of semi-arid land and is responsible for up 
to 40% of Australia’s annual grain production.  The aim of this study was to measure sub-daily N
2
O fl uxes from 
a rain-fed, grain legume (lupin) crop grown in a semi-arid region and investigates the relationship between 
these fl uxes and other parameters.
Method
Soil and site
Nitrous oxide fl uxes were measured at the Cunderdin Agricultural College (31°36’ S, 117°13’  E), in the central 
wheatbelt of Western Australia, approximately 156 km east of Perth.  Cunderdin has an annual rainfall of 
365 mm, which mainly falls during the winter months (June–August), a mean (average) daily maximum 
temperature of 25.1 °C and a mean daily minimum temperature of 11.4 °C. The experimental site was located 
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on fl at, to gently undulating land, and consisted of a free-draining sand overlying a poorly-draining clay. The 
surface soil (0–120 mm) had a pH of 6.0 (1:5 soil : 0.01 M CaCl
2
 extract), electrical conductivity (EC) of 170 μS/
cm (1:5 soil : water extract), cation exchange capacity of 3.3 cmol/kg, carbon concentration of 9.38 mg/g, 
nitrogen concentration of 0.76 mg/g and bulk density of 1.4 g/cm3. The surface soil contained 93% sand, 4% 
silt, and 3% clay.  For site history details see Barton et al. (2010).
Experimental design and approach
Plots (105 m2 per plot) were planted to narrow-leafed lupins (Lupinus angustifolius cv Mandelup) on May 14, 
2008, with no prior cultivation. A completely randomised design, with two treatments and three replicates, 
was employed.  Plots were either planted with inoculated and fumigated narrow-lupin seed ‘lupin’) or 





) and direct-drilled (to 30 mm) with 100 kg/ha of ‘superphosphate CuZnMo’® at planting — no nitrogen 
fertiliser was applied to either treatment.  
An area (6.76 m2) within each plot was designated for measuring N
2
O fl uxes, while the remainder of the plot 
was used for soil sampling.  Four weeks after seeding, plant numbers in the chamber base areas were adjusted, 
by either removing or adding seedlings, to refl ect the average plant density in the fi eld (32 plants/m2).  Lupins 
were harvested from the chambers on November 5, 2008 and the stubble was retained for the remainder of 
the study.
Nitrous oxide, soil and climatic measurements
Nitrous oxide fl uxes were measured for approximately one year (May 14, 2008–April 28, 2009) using soil 
chambers (one per plot) connected to a fully-automated system.  The system included a gas chromatograph 
fi tted with a 63Ni electron capture detector for N
2
O analysis, an automated sampling unit for collecting and 
distributing gas samples and six chambers (one per treatment plot).  Chambers (500 mm x 500 mm) were 
placed on metal bases inserted into the ground (100 mm), and fi tted with a top that could be automatically 
opened and closed.  Four bases were located in each treatment plot to enable the chambers to be moved to 
a new position each week, so as to minimise the eff ect of chambers on soil properties and plant growth. The 
height of the chambers was progressively increased to accommodate crop growth, with a maximum height 
of 650 mm, and opened if the air temperature in the chamber exceeded a set value (43°C when lupins were 
growing in the chamber, 60 °C at other times) or if it rained (> 0.4 mm in fi ve minutes).  For further details of 
automatic gas sampling system see Barton et al. (2010).
Soil mineral nitrogen, water-fi lled pore space (WFPS) and climatic variables were measured to explain seasonal 
variations in N
2
O fl uxes.  The mineral nitrogen of the surface soil (0–50 mm) was measured at least every two 
weeks.  Mineral nitrogen was extracted from soil samples by adding 80 ml of 1 M potassium chloride (KCl) 
to 20 g of fi eld-moist soil (sieved < 4 mm) and shaking for one hour.  The fi ltered solution (Adventec 5C) was 
frozen until analysed for nitrate (NO
3
-) and ammonium (NH
4
+) colorimetrically. Gravimetric soil water content 
was determined at the same time soil samples were collected for mineral nitrogen and after drying sub 
samples at 105 ºC for at least 24 h. Water-fi lled pore space was calculated by dividing volumetric water content 
by total porosity. The weather station automatically collected and stored all climatic and soil temperature data.
Data analyses
A general linear model (using completely randomised design) in Genstat (2007) was used to determine if 
annual N
2
O fl uxes varied between the lupin treatments.  Post-hoc pair-wise comparisons of means were made 
using LSD (signifi cance level of 5%).  Hourly N2O (μg N2O-N/m2/h) fl uxes were calculated from the slope of 
the linear increase in N
2
O concentration during the chamber lid closure period and corrected for chamber air 
temperature, air pressure and the ratio of cover volume to surface area (Barton et al., 2010).  Daily losses for 
each plot were calculated by averaging hourly losses for that day.  Annual fl uxes for each plot were calculated 
by integrating hourly losses with time.
Results
Environmental conditions 
A total of 299 mm fell at the site during the study period (May 14, 2008–April 28, 2009), of which 206 mm fell 
during the period between planting and harvesting (see Figure 1). The 2008 annual rainfall (304 mm) was 
83% of the 30-year average (1971–2000), while rainfall during the growing season (May 2007–October 2007) 
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was 82% of the 30-year average.  Mean minimum daily air temperature was 9.5 °C and mean maximum daily 
air temperature was 25.8 °C.  The lowest hourly air temperature (-1.4 °C) was recorded during June 2008, 
while the greatest maximum hourly temperature (45 °C) was recorded during January 2009. Average daily 
soil temperatures in the surface 100 mm ranged from 9 to 37 °C.  Temperatures were lowest during July 2008 
(mid-winter) and greatest during January 2009 (mid-summer).
Mineral nitrogen and WFPS




+) in the surface soil (0–50 mm) varied during the year, and in 
a similar way for both treatments (see Figure 1).  Soil mineral nitrogen was greatest for the fi rst two months 
following planting (May–July 2008) and again during successive summer rainfall events following harvest 
(November 2008–April 2009; see Figure 1). During winter (July), the amount of mineral nitrogen in both lupin 
treatments declined to < 5 kg N/ha (see Figure 1).  A large proportion of mineral nitrogen in the surface soil 
was in the NO
3
- form rather than NH
4
+.  For example, soil NO
3
- in both treatments ranged from <1 to 48 kg N/
ha, while the soil NH
4
+ ranged from <1 to 8 kg N/ha (data not shown). Soil WFPS varied seasonally in response 
to rainfall, and varied from <2 to 39% (data not shown).
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Figure 1.  Cumulative daily N2O fl uxes (a), soil mineral nitrogen contents (b), and daily rainfall with time at 
a cropped site at Cunderdin, Western Australia (May 14, 2008–April 28, 2009).  Values in plots (a) and (b) 





O fl uxes ranged from -0.5 (October 2008) to 24 g N
2
O-N/ha/day (January 2009) in the lupin treatment, 
and -0.7 (August 2008) to 10 g N
2
O-N/ha/day (January 2009) in the no-lupin treatment (see Figure 1).  Daily 
N
2
O fl uxes from the lupin treatment were greatest during summer and autumn following rainfall events ≥ 
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5 mm/day.  Fluxes from the no-lupin treatment also increased following summer and autumn rainfall, but 
similarly high fl uxes were also reported from the no-lupin treatment in response to rain (≥ 5 mm/day) during 
July and October.  Hourly N
2
O fl uxes following summer and autumn rainfall events tended to peak on the 
day of rain, or the day following, with greater losses from the lupin treatment than the no-lupin treatment.  
For example on January 29, 2009, mean hourly N
2
O fl uxes following summer and autumn rainfall were as 
high as 164 μg N
2
O-N/m2/h (standard error, 8 μg N
2
O-N/m2/h) for the lupin treatment and 95 μg N
2
O-N/
m2/h (standard error, 27 μg N
2
O-N/m2/h) for the no-lupin treatment. Greatest hourly N
2
O fl uxes following 
summer rainfall occurred after the fi rst rainfall event and were not exceeded by subsequent rainfall of similar 
magnitude. The total amount of nitrogen emitted as N
2
O after almost one year (351 days) did not diff er 
between the lupin and no-lupin treatments, with an average of 118 g N
2
O-N/ha (P<0.05) (see Figure 1).  For 
the lupin treatment, a large proportion (58%, 68 g N
2
O-N/ha) of the emissions occurred post harvest, whereas 
for the no-lupin treatment only 33% (44 g N
2
O-N/ha) of the annual loss occurred post harvest.  However, post-
harvest cumulative N
2
O losses did not vary between treatments (P<0.05).
Discussion
This study is the fi rst to report daily N
2
O fl uxes from a rain-fed legume crop grown in a semi-arid region 
without nitrogen fertiliser and in the absence of grazing animals.  Daily N
2
O fl uxes were low (-0.5–24 g N
2
O-N/
ha/day), not diff erent between the legume cropped or bare soil, and culminated in an annual loss of 118 g 
N
2
O-N/ha and indicate low total (nitrogen gas + N
2
O) losses. Greatest daily N
2
O fl uxes occurred when the 
soil was fallow, and following a series of summer rainfall events.   The contribution of the biological nitrogen-
fi xation process to N
2
O emissions appeared negligible, while N
2
O emissions from the decomposition of 
legume crop residue following harvest were also low.
Key Words 
Biological nitrogen fi xation, crop residue, emission factor, IPCC methodology
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Mouldboard ploughing of sandplain soils — more grain, fewer weeds
Peter Newman
Department of Agriculture and Food, WA
Key Messages
• Average grain yield was increased by 391 kg/ha using a one-off  soil inversion with a mouldboard plough 
(27 comparisons across 18 sites).
• The one-off  soil inversion achieved 96% annual ryegrass control (12 sites) and an 83% wild radish control 
(nine sites).
• During 2011 there will be at least 10 large (eight-to-14-furrow) mouldboard ploughs working in Western 
Australia.
Background and Aims
Several Western Australian grain growers now own mouldboard ploughs to renovate sandy soils. Soil inversion 
achieved with a mouldboard plough aims to deplete weed-seed banks, correct water repellence and 
incorporate lime to depth to correct sub-soil acidity.  More detailed research by Dr Stephen Davies (DAFWA 
Geraldton) is currently under way to more accurately evaluate a range of deep tillage equipment.  
This paper aims to summarise the grain yield response and weed control achieved by a one-off  soil inversion.
Method
This paper is a summary of results from 17 diff erent trial sites across Western Australia. There are 27 yield 
comparisons from 18 sites from four growing seasons. Some sites were replicated trials, while others 
were farm-scale demonstrations with low levels of replication. In all cases the sites were ploughed with a 
mouldboard plough to a depth of 25 to 35 cm with skimmers fi tted to give the best inversion results. Most of 
these sites were ploughed when the soil was moist between May and August and sown immediately with a 
cereal crop/cover crop. All sites are sandy soils with the exception of Mullewa RS, which is red loam.
Weed assessments were made by counting quadrats (0.1m2 to 0.5m2 quadrats, eight to 10 quadrats per plot). 
In some cases (particularly for wild radish), where weed numbers were low and/or patchy, weed counts 
consisted of counting weeds in a transect 0.5m x 50m. Yield assessments were made by plot harvester for 
small plot trials and weigh trailer or yield monitor for large-scale trials. Trials indicated with * in Table 1 were 
hand harvested (four paired comparisons).
Table 1: List of trials indicating replicated and non-replicated trials






Mullewa RS Fordham *
Kelly
Brennan
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Results
Grain yield response (from a range of crop types) to soil inversion with 












































































































































Figure 1.  Grain yield response from a range of crop types as a result of a one-off  inversion with a 
mouldboard plough.  Those marked with * are grain yield assessments made by hand harvesting.
Grain yield increased by 391 kg/ha in response to a one-off  soil inversion at 18 sites (27 comparisons). Some 
of these are one-year comparisons only, whereas others are yield comparisons for two to three seasons after 
a one-off  soil inversion. Some yield comparisons are from randomised trials while others are from large-scale 
paddock demonstrations with low levels of replication (see Table 1).
Weed control (%) as a result of soil inversion with a mouldboard plough - 







































































































Figure 2.  Weed control (%) of four weed species as a result of a one-off  soil inversion with a mouldboard 
plough.
On average, 96% annual ryegrass (12 sites) and 83% wild radish (nine sites) control was achieved.
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Discussion
The high level of grain yield response to soil inversion is very exciting. However, some sites have had little or 
no yield response while others have achieved an excellent yield response. The key to the future success of this 
technique is to improve our ability to pick responsive soil types to maximise the return on investment in this 
technology.
The very high level of weed control, which in some cases has been maintained for two to three years, is also 
very exciting. There is no doubt that a mouldboard plough has enormous potential to decimate a weed-seed 
bank. However, it is imperative that the plough is set up correctly to achieve eff ective weed seed burial. The 
Smart CV site is a prime example of how it can go wrong. This site was ploughed in a rush at seeding during 
2010 with a tractor not ideally suited to the plough (i.e. not enough horsepower). Consequently, full soil 
inversion did not occur and many wild radish weed seeds were left in the topsoil. The grower knew this at the 
time but persisted with the trial to test the potential of the plough. This soil is extremely non-wetting and a 
very big yield response was achieved.  
The Preston site was sown to lupins during 2010 and there was no yield response despite the mouldboard 
plots still achieving 93% ryegrass control. This is diffi  cult to explain as there appeared to be a visual response 
all season. One explanation may be deeper nodulation of the mouldboard treatments. It may be worthwhile 
inoculating lupins the fi rst time they are sown back into ploughed country. It is also possible the lupins grew 
extra biomass at the expense of yield in the ploughed plots.
The Cosgrove and Mitchell sites were under pasture during 2010 and no measurements were made.
The Holmes site was sown to wheat during 2010. Weed control was excellent across the site so no counts 
were made. This site has not responded to mouldboard ploughing. This may be due to the soil having low 
water repellence, reasonable sub-soil pH and low weed-seed bank. It appears the water holding capacity of 
this soil is limiting its potential. Soil inversion will not fi x this.
The Forward site was sown to lupins during 2010 and broke all of the records for grain yield response and 
weed control. Lupins in the mouldboard plots yielded 2.1 t/ha compared with 1.1 t/ha for the nil plots. 
Mouldboard ploughing (ploughed 2008) achieved 98% ryegrass control and 84% blue lupin control.
The Tathra site is part of a long-term weed trial on weak sand. There appears to be a strong response to 
mouldboard ploughing as a result of correcting a very big water repellence problem. Mouldboard plots 
yielded 690 kg/ha compared with 245 kg/ha for the nil. This site was late sown and has very low water holding 
capacity, hence the low yield during a dry year.
The Mullewa RS (Research Station) site is part of a long -term integrated weed management (IWM) trial that 
was ploughed during 2010. This site is red loam where all of the other sites are sand. This soil is considered to 
be among the best soil in the northern region so it was surprising to see such a big response to ploughing. 
The site was sown to wheat during 2010 after chemical fallow during 2009. The mouldboard plots yielded 
3.2 t/ha compared with 2.75 t/ha for control plots after only 187 mm of growing season rainfall (GSR). One 
hundred per cent brome grass control was achieved at this site, which was a fantastic visual result. Despite this 
result we do not recommend the ploughing of loamy or heavy textured soil due to the risk of destroying the 
soil structure that has been developed through no-till farming practices.
The Brennan site was established during 2009 at West Moora by Dave Gartner (AgLime) using the DAFWA 
three-furrow plough to assess the potential for lime burial with a mouldboard plough. The site is deep yellow 
sand with moderate to high water repellence (water droplet penetration time 180 seconds). Treatment with 
the mouldboard plough corrected the water repellence (water droplet penetration time 0 seconds).  The site 
was sown to wheat during 2009 and canola during 2010.  Large yield responses were measured in both years. 
As yet there has been no response to lime.
The Smart (MI), Harding and Kelly sites are one off  plus and minus comparisons during 2010.
A Mingenew grower purchased a brand new 14 furrow plough during 2010. The fi rst paddock that he 
ploughed had weed problems, wind erosion, water repellence issues and had been out of production for four 
years. It had no knockdown or pre-emergent herbicide and one spray for wild radish (very low numbers). This 
paddock went on to yield 3.4 t/ha and was the highest yielding and cleanest paddock on the farm (12,000 ha 
cropping programme).
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In summary, all of the growers that have purchased mouldboard ploughs have been very happy with 
the performance of ploughed paddocks during 2010.  Using a plough to invert the soil of a sandy, poor 
performing paddock every 10 to 15 years appears to be a fast, eff ective and economical way of renovating 
a paddock back to a point of high production. Of course this machinery will have its limitations and is not a 
universal panacea. However, our early studies are encouraging.  Research into this area is ongoing and will 
eventually answer some of the long-term questions that continue to arise.
Some of the practicalities
Most of the growers so far have accessed machinery directly from Europe and then shipped it to Australia in 
sea containers. Some growers have purchased second-hand ploughs for $30,000 to $50,000. These machines 
have been completely dissembled and cleaned to meet quarantine standards so there are many hours of 
assembly work involved. Some growers have accessed new machines for $90,000 to $130,000 for nine to 14 
furrow machines. The less expensive machines have sheer bolt break-out while the more expensive machines 
have hydraulic break-out. Sheer bolt machines have their limitations when it comes to rocks and stumps but 
have performed well nonetheless. All ploughs imported so far are reversible and so are suited to up-and-back 
ploughing.
A 14 furrow machine can be set to cut 5.5 m to 7 m. They work to a depth of 30 cm to 35 cm at 8 kph to 10 
kph.  So the large machines can plough 4.5 ha to 7 ha per hour at a cost of $70/ha to $100/ha (these are 
fi gures from growers). The power requirement is 30 hp to 35 hp per furrow depending on soil conditions and 
working depth. In good conditions a 450 hp four-wheel-drive tractor can pull a 14 furrow plough but it will 
struggle in low soil moisture conditions.  Four-wheel-drive wheel tractors often have the problem of the wide 
dual wheels running over the furrow, which aff ects the depth and form of the fi rst furrow. Track tractors are 
preferred for pulling large ploughs.
The large ploughs (12 to 14 furrow) have mainly been set up with a tool carrier that allows them to be 
connected to a large tractor without three-point linkage. This allows the tractor to run on level ground.  The 
smaller ploughs (8 to 11 furrow) are typically pulled by front-wheel assist tractors in the 300 hp to 350 hp 
range with three-point linkage. In this situation, one wheel of the tractor runs in the furrow.
There is clearly a large wind erosion risk immediately after ploughing. Paddocks should be sown to wheat for 
cover immediately after ploughing (preferably the same day). Wheat is more acid tolerant than barley and in 
many cases a profi table crop can be grown in the year of ploughing. Cereals are more tolerant to sand blasting 
than broadleaf crops and are the obvious choice as a cover crop. Pay careful attention to seeding depth as it is 
easy to sow deep into soft soil. Rolling of the paddock is essential after ploughing unless your hobby is towing 
tractors out of bogs. Some growers are spreading seed and/or fertiliser and then rolling with coil packers to 
establish the wheat cover crop.  Relatively light rolling (for example, coil packers) is all that is necessary to fi rm 
the top 5 cm to 10cm of soil after ploughing.
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What’s preventing growers from implementing precision agriculture (PA)?
Roger Mandel1, Roger Lawes2 and Michael Robertson2 
1Curtin University, 2CSIRO
Key Messages
• Adoption of variable rate application (VRA) in Western Australia is now at about 20% of growers, up from 
< 5% a few years ago, with many growers actively researching and planning to adopt the technology. 
• Hardware compatibility remains the major constraint to adoption.
• Developing variable rate maps is slow due to the complexity of software and data analysis tools.
• Grower requirements are not uniform and the industry must avoid a ’one-size-fi ts-all‘ mentality.
• The agricultural consulting industry has not yet developed a system that addresses the range of growers’ 
needs and expectations.
Background and Aims
During the past 10 years the Grains Research and Development Corporation (GRDC) has made considerable 
investments into precision agriculture (PA) research, development and extension (RD&E) across Australia and 
specifi cally in Western Australia. A large body of knowledge has been built up on PA tools and approaches, 
quantifying the costs and benefi ts, experiences of early adopters and the needs of advisors and consultants. 
This has come at a time when there is growing interest in variable rate technology (VRT) driven by the 
ongoing rise in input costs for grain production placing greater emphasis on effi  ciency of input use; an 
increasing awareness and appreciation of the agronomic and economic benefi ts of VR; the active evaluation 
and perception of potential value by many current non-adopters; many adopters using a stepwise approach 
to adoption; and the greater availability and aff ordability of equipment. By working with a number of early 
adopters of VRA during the past seven years, encompassing a wide range of PA systems, we have gained some 
insights to the needs of various groups of adopters, what frustrates or prevents them from implementing VRA 
on their farms and which tools have been helpful in making adoption and implementation decisions. 
The aims of this paper are to: (1) update the status of adoption of PA and VRA in WA, (2) document categories 
of adopters of PA and their needs, and (3) describe some of the tools we believe can assist the adoption 
process, particularly in agri-business. 
Although PA covers a range of technologies, in this paper we have restricted our analysis to the adoption of 
VRT as it applies to fertiliser management, as this is the main current use in the Australian grains industry. While 
other crop inputs, such as seed, lime and gypsum, are varied in space across Australian grain farms, by far the 
largest use of VRA is for fertiliser application.
Status of Adoption of PA in WA
Past surveys have indicated a low rate of adoption of VRA by Australian grain growers. During 2008–2009 we 
quantifi ed the extent of VRA adoption through a national survey covering all grain-growing regions (1130 
grower responses). Two smaller WA-based surveys (65 and 102 responses) collected more-detailed information 
on the nature and reasoning behind the use of various forms of the technology. The national survey showed 
20% of WA and Australian grain growers have adopted some form of VR fertiliser application (in diff erent WA 
regions, this fi gure varied from 16% to 22%) (see Table 1). This agrees with GRDC practices surveys and is up 
signifi cantly from < 5% recorded six years ago. Adopters are more than likely to have large farms with a high 
cropping percentage. The smaller surveys confi rmed there is a widespread and rapidly-growing use of GPS 
technologies on farms, particularly for guidance. There is also a wider appreciation of spatial variation and the 
benefi ts of managing it, primarily through varying inputs (fertiliser, lime, pesticides, and seed). Signifi cantly, 
the perceived lack of agronomic and economic benefi ts of VRA is not being cited as a constraint to adoption. 
Many growers are collecting information about, and considering adoption of, VRA. A signifi cant proportion of 
growers are managing within-fi eld variability with manually-operated systems rather than more-sophisticated 
VRA technology, and are adopting some form of VR fertiliser application without fi rst collecting yield maps 
(see Table 1), preferring to use soil tests, electro-magnetic induction or their own knowledge of soil and yield 
variation to defi ne management zones for VR fertiliser management. About two-thirds of growers are yield 
monitoring but only about 50% are converting their yield data to yield maps. Anecdotal evidence suggests 
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these growers are paying attention to yield variation by observing the yield monitor in operation at harvest, 
albeit without taking the next step to converting the data to a map.
Commonly cited constraints to adoption were technical issues with equipment and software. These were 
compounded by the lack of service provision and the fact that use of VR equipment is often incompatible with 
existing farm operations. 
Table 1. Percentage of survey respondents using within-fi eld variable rate fertiliser application and yield 
mapping in Western Australia and Australia overall. Data collected during 2008–2009
Region
(number of respondents)
Have at least one 
crop yield map   
(%)
Using variable rate fertiliser 
on identifi ed fi eld zones in at 
least one fi eld   (%)
Using variable rate fertiliser on 
identifi ed fi eld zones in at least 
one fi eld AND have at least one 
crop yield map
WA Northern (61) 41 16 11
WA Central (81) 40 22 9
WA South west (66) 29 21 9
WA All (208) 37 20 10
Australia (1170) 25 20 8
What do Adopters of PA Need?
The two dominant barriers to adoption of PA relate to hardware and to software and data analysis. 
Hardware issues 
Hardware is easy to measure, it either works or it doesn’t and generally once it works, it will continue to work. 
However, it must be made to work and it can be diffi  cult to fi nd a profi cient consultant who can address 
all the issues. The system involves integration of GPS receivers with and without correction signals, data 
control devices (screens) and VR controllers (on air cart, spreaders or sprayer). The ability to integrate these 
components depends on the knowledge and support from the local dealer and the cross-manufacturer 
compatibility. The ISO11783 standard was promoted as a solution to the hardware problem but has not yet 
eventuated. There are few industry-trained specialists with the skills to diagnose and solve hardware problems 
across multiple manufacturers. In addition to machine companies training staff  on their own hardware, there 
is a need for companies to understand the way in which their equipment interacts with hardware from other 
manufacturers. Regions that have this local technical support have moved ahead in adoption (for example, 
Esperance and South Australia, with SPAA). With time the market will cull the companies unable to integrate 
with other systems. This is already happening with cooperative agreements between machine manufacturers 
and PA equipment suppliers.
Software and data analysis issues
The current manufacture-based PA software is limited to viewing variability (usually from yield maps) and 
creating prescription maps directly from those maps. The higher level analysis required to develop VR maps 
is present in more sophisticated programs but these software packages are more diffi  cult to use and have 
compatibility issues. 
There are service providers who see all PA adopters as having the same needs whereas there are numerous 
groups requiring diff erent levels and systems of support (see below). There is a need for the agriculture support 
industry to develop the knowledge and support systems to address these various groups. There is confusion 
among growers about the benefi ts and uses of other data layers (crop refl ectance [NDVI and others], EM, 
radiometrics). An understanding among growers and consultants of the benefi ts, usefulness and limitations of 
these data layers is essential before they will be accepted and utilised in the development of VR plans.
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Classifi cation of Adopters
There is a continuum of growers from those that are self suffi  cient in their VRA capability to those that will 
require yearly ongoing support. The diffi  culty for agribusiness is to identify and service these diff ering needs 
while recognising that VRA cannot be transformed into a one-size-fi ts-all package. 
It has been assumed that the pattern of adoption of PA would follow the traditional curve, which classifi es 
growers into innovators, early adopters, early and late majority and laggards. This pattern assumes that the 
needs of each group are similar and only diff er as to when adoption occurs. While this is true for the uptake 
of guidance and spray sectioning, VRA is diff erent because the needs and assistance required to support 
adoption varies from group to group. In working with numerous (> 40) grain growers on adoption of VRA 
during the past fi ve years we can discern at least fi ve groupings of growers with diff erent needs in the 
adoption process:
1. Early adopter and self-suffi  cient growers. Often these growers that have developed a VRA programme 
with the assistance of research project support. They are usually computer savvy and educated and 
have researched the practices they want to adopt. They need little additional support and are able to 
diagnose and correct problems related to hardware and software. This group has learned fi rst-hand or 
from colleagues of the problems of both hardware and software and of the need to be more conscious 
when making purchase decisions. Because they are near self suffi  cient there is little need for support 
from a PA consultant. Local support for hardware-related issues is the greatest need especially if it is not 
available in their region.  
2. People having investigated the economics of VRA, but need the assistance to get them to the level 
of self-suffi  ciency (third-largest group). This group is characterised by young growers, well educated 
with newer machines that are VRA capable, who need assistance to create a system from mismatched 
hardware. They need unbiased recommendations for new hardware. They have the ability to develop 
a full VRA programme for the farm if they receive training in the advanced use of their PA software 
and would participate in research projects to develop a VR programme. With time they may use a PA 
consultant to do routine data analysis 
3. Growers preferring to have others do the analysis but not make the decisions (largest group). These 
people either do not have the confi dence in their ability or time to work with the industry software to 
develop a VRA programme. They are likely to have multiple years of yield data but have not used the 
information to develop a VR programme. They are willing to pay for a service, but want to be part of 
the decision-making process. Yield maps are used to confi rm or fi ne-tune their own knowledge of the 
paddock variability. They are typically large operators with newer machines and therefore machinery 
compatibility is less of an issue. 
4. Observers looking to get involved (second-largest group). This group is characterised by those intending 
to adopt if and when they have the necessary equipment. Some are at risk of being sold a ’quick fi x‘, 
but others are willing to sit back and wait until local support develops. They are often smaller operators 
with hardware issues (lack of or inability to operate) and the lack of data layers to assist in developing a 
VR programme. They need unbiased hardware support and training to develop the VRA programme or 
knowledge of what to request if they employ a PA consultant.  
5. Lapsed adopter. These are often early adopters who employed a PA consultant or were involved in a 
research program. They often dis-adopted due to the loss of assistance and/or the consulting industry 
being unable to meet their needs in a timely way. They are usually large operators with new equipment 
and hence do not have the equipment compatibility issue. They require yearly support for the PA 
programme and are willing to pay if a service exists that meets their needs. They are pragmatic and will 
fall back to using blanket rates when assistance is not available. 
Tools for PA
The investment in PA R&D by GRDC has culminated in a number of tools to help the industry make decisions 
about PA investment, VR fertiliser applications, soil sampling protocols, remote sensing surveys and on-farm 
trial design. 
During the early part of the decade, PA technology was comparatively expensive and some growers invested 
between $50 and $100K to equip existing harvesters and carts with VR controllers. Growers were particularly 
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interested in the likely pay-off  from purchasing this technology. Of particular interest was the time required (in 
years) to recoup the investment in the technology. Surveys of early adopters found this varied from between 
two and fi ve years and importantly, was largely infl uenced by the area the technology was applied to, and 
the pay-off  expected from the technology on a per-hectare basis. Some growers reported pay-off s of up to 
$15/ha, while others reported pay-off s of around $7/ha. Since the investment calculator was constructed, 
the technology has become noticeably cheaper and is often factory-fi tted. Thus if growers are planning to 
upgrade, the investment outlay may not be that great. The PA investment calculator is still available upon 
request to M Robertson (Michael.Robertson@csiro.au).
A second calculator has been constructed to evaluate the economic value of using VRA on a paddock. This 
calculator is paddock-based, and determines the likely return a grower would achieve if phosphorus and 
nitrogen were variable applied to a paddock over and above the return they would generate from the same 
paddock if phosphorus (P) and nitrogen (N) were applied uniformly across the paddock. This calculator has 
found that variation in background levels of soil nutrients can be a large driver of the economic return that 
can be derived from VRT. Similarly paddocks with a large amount of yield variation are likely to generate a large 
return from implementing VRT. In general, large, variable paddocks where yields between zones vary by more 
than 1 t/ha generate returns of around $15/ha. The calculator can accommodate diff erent fertiliser and grain 
prices, as well as areas of zones. For more details see Lawes et al., in this issue of crop updates. The calculator 
can be obtained at http://environmentagriculture.curtin.edu.au/staff /rmandle.cfm.
Paddock surveys with electron magnetic induction (for example, EM38) and gamma ray spectrometry are now 
commonplace. Many companies off er these services. These surveys can provide insight into the variation in 
soil properties across a paddock and are particularly good at detecting changes in soil texture. Importantly, 
these surveys can be compared to yield maps and instantly growers can tell whether changes in soil type, 
as detected by the surveys, infl uence crop yield. These surveys can be used to then inform soil sampling 
across the paddock. This information can be vital, as low-yielding areas may have an excess of nutrients. In 
addition, the survey can help growers decide what factors may be constraining yield. If necessary, lime or 
gypsum may be applied to ameliorate the constraint, thereby raising the potential yield of a particular soil. 
These surveys can therefore be combined with the calculator to determine the value of PA across a paddock. 
Combining traditional soil surveys with modern survey tools means growers can better diagnose problems 
across a paddock by knowing where to sample and what to sample for. CSIRO is currently developing a new 
classifi cation tool to objectively classify soils using these surveys for release to the industry during 2011. 
Finally, on-farm trialling has evolved with the advent of PA technologies. Growers have always been interested 
in running trials to evaluate new products or new ideas. PA technology gives growers and consultants the 
capacity to do this easily on their own farm. Although PA equipment can be easily used to run trials, many 
trials have been unsuccessful. CSIRO has developed trial protocols for growers and consultants and these 
should be closely followed to minimise the amount of inconvenience placed on the grower during seeding 
and harvest. It is important to realise that unless you generate about a 200 kg/ha yield diff erence (~10%) 
you will not be able to detect the eff ect of the treatment on yield. For that reason, PA trials are best suited 
to evaluating quite radical diff erences in treatment, like 20–30 kg/ha diff erence in nitrogen or 4–8 kg/ha of 
phosphorus. See Lawes 2010 crop update paper for more details on running on-farm trials. 
Discussion
The farming community strongly endorses the adoption of PA technology to manage variability within 
paddocks. Nevertheless they have become frustrated with the technology and the lack of support for that 
technology, and this has impeded uptake more than any other factor. This implies they are comfortable 
making the appropriate agronomic decisions given the data and will move forward when they get the 
systems up and running. Education at all levels in the industry is required to move PA adoption forward. 
Consultants and agronomists need to be up-skilled so they can help growers. At a practical level, growers 
need to gain the confi dence in how to deal with variability and work in partnership with PA specialists. 
Machinery companies require a greater understanding of their role in PA technologies and how PA is being 
used. Unless all levels are up-skilled, adoption of VRA will remain low and the industry will not benefi t from the 
potential gains.
Key Words
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On how many paddocks does precision agriculture (PA) deliver a return?
Roger Lawes1, Michael Robertson1 and Roger Mandel2 
1CSIRO Ecosystem Sciences, Floreat, WA, 2Curtin University, Bentley, WA  
Key Messages
• Variable rate technologies (VRT) and precision agriculture (PA) can generate returns of about $10–$15/
ha. However, not all paddocks generate these returns. 
• CSIRO, Curtin University and DAFWA have jointly developed an economic calculator to help consultants 
and growers decide which paddocks may warrant investment in VRT or PA. 
• On one farm in Bodallin, Western Australia, nine paddocks out of 20 generated returns of more than $15/ha 
or more when managed with VRT. Therefore some paddocks benefi t from PA and VRT, but many do not. 
• The dominant factors dictating whether a paddock was likely to generate a high return if managed with 
VRT were: variable starting levels of soil fertility across the paddock, large (> 1 t/ha) diff erences in yield 
between the highest and lowest performing zones. 
• Fertiliser price marginally infl uenced the return derived from using PA or VRT. 
• The decision to implement VRT on a paddock will vary from grower to grower. Some will decide to chase 
a few dollars per hectare, but others may only want to target fi elds that generate large returns. 
Background and Aims
Precision agriculture (PA) and variable rate technology (VRT) can help growers produce as much grain as 
possible from a given quantity of fertiliser inputs.  Robertson et al. (2008) found VRT could return around 
$15/ha on a wheat paddock. However, returns varied markedly from paddock to paddock and in general 
Robertson found that VRT generated high returns when crop yields within the paddock varied by 1 t/ha or 
more. In addition, if the starting levels of soil nutrients varied substantially (for example, 10–20 kg of nitrogen 
[N]) and (5–10 kg of phosphorus [P]) then this could infl uence the returns derived from VRT as much as yield 
variation. When large numbers of fi elds were investigated for PA, it was clear growers needed to understand 
how much yield variation they had in a paddock and what the starting levels of soil nutrients were in those 
paddocks.  
From the fi elds surveyed by Robertson et al. (2008), it was clear that not all paddocks needed PA.  The paddocks 
previously surveyed came from diff erent farms on diff erent soil types. For a grower, the question is which 
paddocks and how many are likely to benefi t from the implementation of VRT? If the benefi ts are high, the 
grower may be inclined to invest the time and energy to make VRT work on these high return paddocks. If the 
returns are low, then on many paddocks it may only be worth implementing VRT if it is easy and relatively cheap. 
Individual growers have diff erent attitudes to VRT, where some will be willing to adopt it across the entire farm, 
regardless of the return, others will only implement it on particular fi elds where there is an obvious economic 
return. To explore this issue we have developed a PA economic calculator for the industry to address questions 
about the likely return that VRT can deliver to an individual fi eld. This calculator builds on earlier models 
defi ned by Robertson et al. (2009). 
In this paper we evaluate the likely economic return that VRT can deliver to every cropped paddock for one 
farm in Bodallin, Western Australia. We run sensitivity analysis using diff erent starting levels of soil fertility 
with diff erent fertiliser prices to determine what proportion of the farm will benefi t from a VRT strategy given 
diff erent price and starting soil nutrient levels.  
Method
The PA calculator, as implemented in MS Excel, was used to evaluate the likely economic benefi t from 
implementing VRT across a multiple paddocks (see Figure 1). Details of the calculator can be found in 
Lawes and Robertson (2011). Briefl y, the calculator requires a potential yield, starting level of nitrogen and 
phosphorus in the soil, and area in hectares for each zone. The grain price and fertiliser price are also required. 
For each paddock we took a yield map from a representative season (2008) and zoned it into one (uniform 
management), two then three zones. For each of the zones a potential yield was calculated using the yield 
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map. We repeated this process on 20 paddocks cropped to cereals (wheat or barley) during 2008 on a single 
farm in Bodallin, WA. 
For each fi eld, we explored four scenarios: fertiliser price (two scenarios); and starting levels of soil fertility (two 
scenarios). The wheat price was $300/t. Fertiliser prices varied from moderate ($1.50/kgN and $3.00/kgP) to 
high ($2.00/kgN and $4.00/kgP). Starting levels of soil nutrients were assumed to be either uniform across the 
paddock or negatively correlated to yield, where high-yielding parts of the paddock were assumed to have 
less nutrients than low-yielding parts of the paddock. See Lawes and Robertson (2011) for more details. 
Figure 1.  The interface for the PA calculator, which calculates the economic benefi t of PA given starting 
levels of nitrogen and phosphorus, potential grain yield in each zone, fertiliser price and grain price. 
Results
Mean (average) yields from the 20 paddocks ranged from 1.1 t/ha to 3 t/ha. These paddocks varied in size, with 
three small paddocks (< 10 ha), 13 paddocks were more than 100 ha and of these fi ve were more than 200 ha. 
When all these paddocks were split into two zones, the yield diff erence between the zones ranged from 0.52 
t/ha to 1.3 t/ha. Therefore, the amount of yield variation within each paddock varied considerably across the 
farm. 
The economic return derived from VRT was primarily infl uenced by two factors. Firstly, returns were generally 
higher when the diff erence in yield between the zones was large.  For example when crop yields were 
negatively correlated with starting soil fertility and the yield diff erence between zones was more than 1 t/ha, 
then the return from managing the fi eld with VRT, compared with managing it uniformly exceeded $10/ha on 
all but one paddock (see Figure 2).
Secondly, returns were higher if there was a negative relationship between the starting levels of soil nutrient 
levels and crop yield (see Figure 2). The average gain from using VRT over uniform management when soil 
fertility was uniform across the paddock was just $2.40. This increased to $12.35 if the starting levels of soil 
fertility were negatively correlated with yield, therefore returns from VRT are maximised when there is variation 
in yield and variation in the soil nutrient status.   
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Figure 2.  The relationship between the diff erence in crop yield between two zones in a paddock and the 
additional economic return derived from managing a paddock with VRT on those two zones compared 
with uniform management where the starting levels of soil nutrients were uniform (red), or negatively 
correlated with crop yield (black).
Perhaps surprisingly, fertiliser price had a comparatively small eff ect on the economic benefi t associated with 
using VRT. When fertiliser prices were low ($3.00/kgP and $1.50/kgN), paddocks managed with two zones 
generated an additional return of $2.40/ha, assuming starting levels of soil fertility were uniform. This increased 
to $3.37/ha when fertiliser prices increased to $2.00/kgN and $4.00/kgP. With low fertiliser prices, and when 
the starting levels of soil fertility were negatively correlated with yield, paddocks managed with VRT in two 
zones generated an additional $12.35/ha over uniform management. This increased to $15.15/ha when 
fertiliser prices were high. Importantly, fertiliser prices did alter the relative rank of paddocks, where those that 
generated the highest returns when managed with VRT under low fertiliser prices, also generated the highest 
returns when fertiliser prices were high. This occurred when the analysis was carried out assuming uniform 
levels of starting levels of soil nutrients and it occurred when we assumed soil nutrient levels were negatively 
correlated with yield.  
How many paddocks benefi t from VRT? 
If starting levels of soil fertility were negatively correlated with yield, 15 out of 20 paddocks generated returns of 
more than $10/ha. Of these nine generated more than $15/ha and fi ve generated returns of more than $20/ha.  
However, if the starting levels of soil fertility were uniform across the paddock then no paddocks generated a 
return of more than $10/ha and only three generated a return of more than $5/ha when managed with VRT. 
Unfortunately, this complicates the decision to implement VRT because it is diffi  cult to determine what action 
should be taken without some understanding of the starting levels of soil fertility. This grower actually decided 
to implement VRT across the whole farm, even though some of the returns were low. 
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Growers and advisers should be aware of the size of the returns that a VRT programme is likely to generate, 
on a paddock-by-paddock basis, to help clients decide whether to invest valuable resources in surveys and 
extensive soil testing. 
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Demonstration of precision agriculture (PA) principles in the Great 
Southern, Western Australia
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Frank D’Emden3, Glen Riethmuller1 
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Key Messages
• The discrepancy between what can be done with precision agriculture (PA) and what is actually being 
done in the fi eld is being addressed through a combination of training and fi eld demonstrations. 
• Familiarising growers and agribusinesses with the PA ‘tools of the trade’ will allow them to apply these 
tools more eff ectively. 
• The application of strip trials is an eff ective and simple way to assess the eff ectiveness of varying input 
by management zones. 
Background and Aims
It is widely accepted that precision agriculture (PA), beyond guidance, can help many grain growers increase 
profi t. However, the uptake of broadacre PA has been slow in the Great Southern region of the Western 
Australian wheatbelt. This is changing as growers embrace guidance systems, the cost of PA equipment 
declines and increasing input costs generate interest in variable rate application. However, there are still 
several factors impeding more rapid adoption of PA in the Great Southern including: 
• Grower uncertainty about whether investment in PA will provide an adequate return. 
• Diffi  culties when integrating equipment and software between diff erent manufacturers. 
• Lack of skilled people to assist growers to overcome equipment problems. 
• ‘Cleaning’, analysing and interpreting PA data to a stage where it can be used in farm management 
decisions. 
The lack of PA knowledge, skills and experience in the Great Southern is seen as a major impediment to the 
uptake of a technology that could help many growers. This project addresses these impediments.
Methods
PA training
The approach taken for this project is based on the concept of training and demonstration of PA in 
collaboration with seven grower groups in the Great Southern, WA — the Facey Group (FG) in Wickepin, the 
Nyabing Farm Improvement Group (NFIG) in Nyabing, the Fitzgerald Biosphere Group (FBG) in Jerramungup, 
the North-Stirling Pallinup Group (NSP) in Borden, the Stirlings to Coast Farmers in South Stirling/Woogenellup, 
the Frankland/Gordon group in Cranbrook and Southern DIRT in Kojonup. 
The training component of the project is based on the presentation of a series of workshops focusing on 
various aspects of PA. The project started during 2009 with general presentations on the concepts behind 
PA, economics of PA, the ‘tools of the trade’, and interaction to gauge grower interest in carrying out PA trials 
on their farms. These workshops were followed by pre-harvest software training   2010. Following a general 
introduction to the use of PA, participants were introduced to proprietary PA software used by, or at least 
available to, most growers. These were APEX (John Deere), AFS (Case/IH) and PFS (New Holland). The software 
training sessions were ‘hands-on’ with growers encouraged to bring their own computers to enhance the 
learning experience. The sessions were followed by whole-day PA workshops specifi cally for agronomists and 
consultants — Making PA pay for your clients. The workshop format was based on a brief overview of various PA 
concepts, the variety of software packages available, economics of PA and a discussion on the various inputs  
worthwhile varying across the paddock. Hardware controllers were demonstrated, their functions explained 
and new developments in variable rate technology were presented. Agribusinesses contributed through 
information sessions about their respective products in both the pre-harvest and the agribusiness workshops. 
During early 2011, these workshops will be followed by post-harvest half-day training sessions where growers 
will be introduced to PA software, yield maps and other information layers to formulate management options 
for paddocks during 2011. 
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PA demonstration
The demonstration component of the project was developed after the fi rst round of PA workshops during 
2009. Contacts were made during the summer of 2009–2010 with those growers that expressed an interest 
in doing PA related trial work on their farms. Two to three growers from each grower group were approached, 
even though more growers had shown interest. 
Following the identifi cation of several paddocks by each grower, aerial photos of those areas were presented 
to the growers with a request to sketch a map of each paddock, highlighting the various soil types and other 
factors impeding the potential yield. Electromagnetic (EM38) surveys were carried out on these paddocks 
in conjunction with surveys of other surface properties, such as gravel, rocks, colour of the surface soil, bog 
marks or evidence of excessive weeds. Using this information several locations in the paddocks were selected 
and soil samples taken down to a maximum depth of 60 cm. The sampling intervals were 0–10 cm, 10–30 cm 
and 30–60 cm. Soil texture and depth to clay were noted at the time of sampling and samples were analysed 
for the major and minor nutrients, pH, EC, boron, exchangeable cations and phosphorus retention index (PRI). 
Based on these results, and in consultation with the growers, strip trials were designed across diff erent soil 
types with variable fertiliser rates at seeding, after seeding or diff erent rates of lime or gypsum as deemed 
appropriate in each paddock. A summary of the trials is shown in Table 1.
Table 1.  Summary of PA trials for each grower group, the location and the treatments. 
Note: 2x indicates the treatments are applied across two paddocks.
No Group Location Treatments
1 SCF Kamballup 26, 46, 87 kg/ha nitrogen during the growing season
2 SCF South Stirling 45, 78, 183 kg/ha nitrogen
3 FGG Tambellup (2x) 40, 80, 120 kg/ha DAP
4 FGG Tambellup (2x) 30, 60, 100 kg/ha DAP
5 FGG Frankland (2x) 5 t/ha lime, 30, 70, 140 kg/ha MAP and 50, 100, and 200 kg/ha urea.
6 FBG Jerramungup 0, 70, 120 kg/ha K-Till
7 FBG North Jerramungup 90 kg/ha Agras, 70 kg/ha Agfl ow and 220 L/ha Flexi-N
8 FBG North Jerramungup 0, 35, 75 and 160 kg/ha K-Till plus
9 Nyabing South Nyabing With and without ripping 
10 Nyabing South Nyabing 40, 80, 120 kg/ha MAP
11 Nyabing Nyabing 0, 4 and 8 t/ha gypsum
12 NSP South East Borden 0, 70, 100, 130 L/ha CB-Black (Liquid Fert)
13 NSP South Borden 0, 80, 120 kg/ha DAP
14 NSP Gnowangerup 60, 80, 100 kg/ha DAP, 0, 5 and 10 t/ha lime
15 Kojonup West Kojonup (2x) 30, 60, 120 kg/ha DAP
16 Kojonup Arthur River (2x) 0, 55, 110 and 210 kg/ha DAP
17 Facey North Wickepin (2x) 0, 60, 90 kg/ha DAP
18 Facey Wickepin Nil, 50, 75, 100 L/ha Flexi-N post seeding
Growers applied the treatments at appropriate times. The width of each treatment varied from one to three 
seeder bar widths, or one pass with a boom spray or several passes with a top dresser, depending on the 
treatment. The aim was to get a strip wide enough to enable harvest of each strip and to yield map each 
strip for further analysis in relation to soil type or any other identifi ed paddock zone. In-season measurements 
consisted of germination counts, normalised diff erence vegetation index (NDVI) measurements obtained with 
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a Green Seeker during July on a small scale, NDVI aerial images at a 1 m pixel resolution from each paddock 
during late September and a yield map obtained by the growers.
Results
PA training
The De-Mystifying PA workshops carried out during September and October 2009 attracted 59 participants 
ranging between 1 and 19 participants per workshop. From the surveys carried out during the workshops, 
80% of grower attendees were using some form of guidance and about 50% had been yield mapping for 
more than two years. Only two of the 59 reported to use some form of variable rate technology (VRT). The 
second round of pre-harvest workshops during 2010 attracted about 50 growers across fi ve workshops. Again 
about 50% had been yield mapping, most wanted to know more about the ‘tools of the trade’, such as EM38, 
radiometrics and NDVI images and were interested in using PA on their farms. The agribusiness PA workshops 
Making PA pay for your clients attracted 20 agronomists and consultants at two locations — Katanning and 
Narrogin. Most attendees indicated the workshops had addressed a need in their area and had increased their 
understanding of PA.
PA demonstration
An example of a PA demonstration in Borden is presented in Figure 1, which includes a grower’s ‘soil’ map, 
yield maps of 2008 and 2009, an EM38 map, a 2010 NDVI image and the 2010 yield map. The crop was canola 
(Cobbler(R)).
  
Grower’s ‘soil’-map    Yield map 2008   Yield map 2009 
   
EM38 map with strips.  NDVI image Oct 2010  Yield map 2010
Figure 1.  Example of available layers of information before and after implementing test strips across the 
paddock.
Agribusiness Crop Updates 2011
160
The fertiliser rates varied from nil to 120 kg/ha of DAP at seeding, across the soil types and production 
zones identifi ed by the grower, EM38 survey and historic yield maps. Soil tests carried out during April 2010 
confi rmed the various soil types but were not well correlated with the EM38 zoning. Generally high levels of 
phosphorus (P) (50–60 ppm) and potassium (K) (80–120 ppm) were found irrespective of soil type. The dark 
blue strip in the right-hand side of the paddock in the NDVI image of 2010 was a strip where a large amount 
of sulphate of ammonia was applied accidentally. While this aff ected the green biomass, crop yield was 
actually reduced by 0.18 t/ha. After detailed analysis of the yield of the strips in relation to EM38 zones small 
treatment eff ects were found in the yield in all the EM38 zones (see Table 2). These results were used to make 
an economic comparison between the use of a uniform blanket fertiliser rate or diff erent rates across diff erent 
zones. 
Table 2.  Impact of various rates of DAP in diff erent areas (see EM38 map, Figure 1) of the paddock on 
mean (average) yield and gross margins of areas and total paddock compared with 80 kg/ha. The canola 
price was $620/tonne and DAP $850/tonne




























<60 0 0.84 523 0 523 0 6 1863
(16 ha) 80 0.95 590 68 522 0 0 0
120 0.74 457 101 356 -167 -2667 -7990
60–80 0 0.83 513 0 513 24 905
(38 ha) 80 0.90 557 68 489 0 0
120 0.85 530 101 428 -61 -2314
80–100 0 0.85 525 0 525 34 830
(24.3 ha) 80 0.90 558 68 490 0 0
120 0.77 478 101 376 -114 -2780
>100 0 0.66 412 0 412 94 122
(1.3 ha) 80 0.62 385 68 317 0 0
120 0.39 243 101 142 -176 -229
There was a reduction in crop yield when no DAP was applied across all the zones except for the very small 
zone, where salinity was an issue (ECa > 100 mS/m). Applying 120 kg/ha of DAP resulted in a yield reduction 
across all zones. Despite the high soil phosphorus levels, the addition of 80 kg/ha of DAP supplying both 
phosphorus and nitrogen (N) at seeding resulted in the highest yield across all the zones, but the nil rate 
treatment was most profi table across all zones. When extrapolated to the whole paddock this would have 
resulted in a benefi t of $1863. Applying diff erent rates in diff erent zones would not have been benefi cial, 
which was expected given the high soil phosphorus and the poor growing season. Better growing conditions 
may have generated diff ering fertiliser responses for each zone. Further test strips should illustrate this and will 
assist to vary fertiliser rates by soil type/production zone. Several seasons may be required to confi rm relative 
performance in conjunction with soil testing and fertiliser decision support systems.
Discussion
There is overall a robust level of grower and agribusiness interest in PA in the Great Southern, WA as observed 
through participation in the workshops. While economic benefi ts of VRT can be demonstrated by using 
various models, the yield responses to rates of fertiliser in the fi eld are exposed to the vagaries of the weather 
and therefore less certain. The strip trials listed in this paper will help assess the economic viability of varying 
inputs by management zone. 
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Statistical seasonal rainfall forecasts for south west Australia
Fiona H Evans
Department of Agriculture and Food, WA
Key Messages
Climate change projections indicate that south-west Australia (SWWA) is likely to experience a drying climate 
with declining growing season rainfall and rising temperatures. However, seasonal variability will remain the 
dominant driver of adaptation at the farm level. Forecasts of seasonal rainfall made at managerially relevant 
times of year should enable farmers to modify farm management to maximise returns in good seasons and 
minimise losses in bad seasons. Current use of seasonal forecasts is limited by perceived low levels of skill and 
limited availability of long-lead forecasts at appropriate times of year.
We present a system for forecasting growing season rainfall in SWWA that uses novel predictors derived from 
global climate data within sophisticated statistical models. The predictors were selected based on measurable 
relationships with SWWA rainfall. The forecasts take the form of probability distributions that describe the most 
likely rainfall total as well as the predicted variability around it. 
Uncertainty in seasonal forecasts arises from uncertainty in the observational data, uncertainty about model 
structure and uncertainty due to the chaotic nature of atmospheric processes. When making forecasts, it is 
important to produce and eff ectively communicate information about the uncertainty of the forecast. 
We demonstrate a range of products designed to enable farmers and policy makers to use the forecasts 
appropriately to make decisions about how to manage the coming season. The products emphasise forecast 
uncertainty and varying forecast accuracy at diff erent times of year. Forecasts and products will be available on 
the DAFWA website from April 2011. 
Aims
1. To present DAFWA’s new statistical seasonal forecasting (SSF) system.
2. To demonstrate and discuss forecast products that will enable farmers and policy makers to use the 
forecasts appropriately to make decisions about how to manage the coming season.
3. To present forecasts for the 2011 growing season made using currently available predictor data.
Method
Overview
Statistical forecasting systems derive relationships between rainfall and the drivers or infl uences of rainfall, 
called predictors, using historical data. Those relationships are used to forecast future rainfall given the current 
states of the predictors. 
Predictors of rainfall
Sea surface temperatures
Because changes in sea surface temperatures (SSTs) occur more slowly than changes in the atmosphere, sea 
surface temperatures are often used in statistical forecasting systems, including the operational three-month 
outlooks produced by the Bureau of Meteorology. Global SST data sets are very large, so the dimension of 
the data must be reduced before they are used in a statistical approach. We use the method of partial least 
squares to fi nd linear combinations of global SSTs that maximise the covariance between the SSTs and future 
rainfall in SWWA. 
Long wave features of the circulation in the Southern Hemisphere
The atmosphere in the Southern Hemisphere exhibits large, slowly moving features known as long wave 
troughs and ridges that together form the Southern Annular Mode. The Indian Ocean trough is a quasi-
permanent region of low pressure south-west of WA. When the Indian Ocean trough is in a more northerly 
position, we get more rain. The Australian ridge is a region of high pressure located over the south-east of 
Australia. Northerly shifts in the Australian ridge are also related to higher rainfall in SWWA, most likely due to 
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the formation of isolated low-pressure systems, called cut-off  lows, which break away from the blocking ridge. 
We use the locations of the long wave features as well as an overall measure of the Southern Annular Mode, 
the Antarctic Oscillation Index.
El-Nino Southern Oscillation (ENSO)
ENSO has a strong infl uence on rainfall in eastern Australia but a weaker relationship with SWWA rainfall. We 
use ENSO indices developed as part of the ENSO Sequence System.
Air pressure and wind data
Winter rainfall in SWWA is highly correlated with concurrent mean sea level pressure (MSLP). We use MSLP 
data to improve forecasts made at short lead-times.
A simple blocking index derived from wind data provides an additional predictor with concurrent correlations 
to rainfall from cut-off  lows. We use the blocking index applied at 125ºE. 
Forecast models
Monthly rainfall for each cell is log-transformed and modelled using a linear model with the above predictors. 
The models are run on a 0.5 degree grid across SWWA. The subset of predictors used for each cell and 
forecast month are found using a stepwise algorithm that removes and adds predictors until the best model 
is obtained. The forecasts are in the form of probability distributions. Forecasts for more than one month are 
made using a log-normal approximation to a sum of log-normal distributions.
Forecast skill 
Forecast validation is the assessment of forecast accuracy using data measured prior to the time the forecast 
is made. Artifi cial skill, or over-fi tting, can occur when the data used to create the forecasting model are also 
used for its assessment. Cross-validation provides a better assessment of how well the model will forecast in 
the future. We have calculated forecast skill using leave-one-out cross-validation of data from 1950 to 2009. 
Forecast skill depends on the amount of lead-time, the forecast month and the strength of relationships 
between the predictors and rainfall. Forecasts should therefore be carefully interpreted using the 
accompanying skill information. 
Forecast presentation
We have designed a range of products to enable farmers and policy makers to use the forecasts appropriately 
to make decisions about how to manage the coming season. They emphasise forecast uncertainty and 
varying forecast accuracy at diff erent times of year. Products include maps of forecast rainfall and associated 
skill maps as well as more detailed plots showing forecast rainfall distributions for particular cells on the 0.5 
degree grid (Figure 1). 
Forecasts and products will be available on the DAFWA Internet site from April 2011 with monthly updates. 
The user can select the type of maps displayed, and the range of months of the forecast. 
Potential yield forecasts
Rainfall is the principal limitation of cropping systems in Western Australia. Potential yield is the maximum 
yield possible given the rainfall received. Good estimates of potential yield can be obtained by combining 
rainfall forecasts with a modifi ed French and Schultz algorithm that (1) accounts for stored soil water at the 
start of the season, and (2) limits the amount of growing season rainfall that contributes to yield according to 
the plant available water capacity of the soil (Oliver at al., 2009). In the future, rainfall forecasts will be used to 
produce a distribution of potential yield for any given year. 
Results
2010 
Using data up to and including December 2009, the forecast of 2010 April to October rainfall indicated a less 
than 60% chance of above median rainfall over most of SWWA, where 1970 to 2009 was used as the reference 
climatology (Figure 1a). A less than 40% chance of above median rainfall was indicated in the northern 
agricultural region. However, when predicting that far in advance, the percent consistent skill is poor, ranging 
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between 0.5 and 0.6 (Figure 1b). The percent consistent (PC) skill measures the rate at which a forecasting 
system correctly predicts above or below median rainfall, where values greater than 0.5 indicate that the 
forecast contains more information that the climatological median. The higher the score, the better the 
forecast.
Using data up to and including March 2010, the forecasts showed lower probabilities of receiving above 
median rainfall. Forecasts of May to October rainfall made using data up to and including April 2010 showed 
that more than half of SWWA had less than 40% chance of receiving above median rainfall, and half of that 
area had less than 30% chance of receiving above median rainfall. The PC skill for making forecasts at these 
times ranges between 0.6 and 0.7 over most of SWWA, which means that the forecasts have suffi  cient skill for 
making decisions at the break of season. 
As 2010 progressed, the system indicated low probabilities of exceeding median rainfall in May, June, July and 
August. However, forecasts for September indicated high probabilities of above median rainfall in the eastern 
agricultural region, which did not ensue. The forecast for spring rainfall was similar to forecasts made by most 
climate models at the time, when the developing La Nina event suggested that wetter conditions were likely 
in spring. 
2011 
Forecasts of 2011 January to March rainfall using the latest available data, December 2010, indicate a greater 
than 80% chance of exceeding median rainfall, with PC skill of greater than 0.6 for most of SWWA (Figure 1c 
and d). This forecast is consistent with most global climate models. It does not necessarily mean high rainfall 
totals are expected because this region usually has low rainfall at this time of year. However, there may be 
opportunities for gaining stored soil water or improving above ground storage.
Forecasts of 2011 April to October rainfall (Figure 1e) must be considered in context of the poor skill of 
the system at forecasting this far ahead (Figure 1b). The forecast varies spatially across the full range of 
probabilities, compared to the spatially consistent pattern of forecasts made at  the same time in 2010. 
Forecasts for May to July show low probabilities of higher than median rainfall, which is consistent with the 
drying trend evident since the turn of the century. Forecasts for spring show higher probabilities of above 
median rainfall in the northern agricultural region. 
Because the skill of the forecasts increases as lead-time decreases, forecasts of growing season rainfall will be 
more useful at the start and within the growing season. 
Conclusion
The new statistical seasonal forecasting system off ers a range of useful information for on-farm and regional 
agronomic planning. Forecast skill is better at shorter lead-times, from autumn onward.
References
Oliver, Y.M., Robertson, M.J., Stone, P.J. and Whitbread, A. (2009) Improving estimates of water-limited yield of wheat by 
accounting for soil type and within-season rainfall, Crop and Pasture Science, 60, 1137-1146.
Key Words
Seasonal rainfall forecast, seasonal variability, SSF
Paper reviewed by: David Stephens
Agribusiness Crop Updates 2011
167
Forecast of April to October 2010 rainfall made 
using data to December 2009.
PC skill at forecasting April to October rainfall using 
data to December.
Forecast of January to March 2011 rainfall made 
using data to December 2010.
PC skill at forecasting January to March rainfall using 
data to December.
Forecast of April to October 2011 rainfall made 
using data to December 2010.
Cumulative plot showing the 2011 forecast of Perth 
rainfall made using data to December 2010.
Figure 1. Forecast products for periods in 2010 and 2011.
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How has a changing climate recently affected Western Australia’s 
capacity to increase crop productivity and water use effi ciency?
David Stephens
Department of Agriculture and Food, WA
Key Messages
• The DAFWA regional crop forecasting system STIN was used to calculate the technological increase in 
shire and State wheat yields. At a State level, the rate of increase in wheat yields dropped from 44 kg/ha/
year between 1980-1999, to 20 kg/ha/year from 1990-2009. 
• Analysis of the role of climate and technology on crop productivity shows climate resources could meet 
the requirements of technology during the 1990s, whereas an abrupt change towards a negative climate 
during the 2000s imposed severe constraints on technology, which limited the rate of yield increases.
• During the 1980s and 1990s a number of interacting technological factors (early seeding, semi-dwarf 
varieties, increased nitrogen (N) fertiliser, nitrogen fi xation from grain legumes, minimum tillage) acted 
together to realise higher yield potentials, (i.e. the high yield package). However, not all these were 
advantageous in very dry years and this exposed a frailty in our cropping systems not observed during 
previous dry periods. Late seeding, quick dry fi nishes, less nitrogen fertiliser, fewer grain legumes and 
more frosts all combined in a negative way to reduce productivity increases during the 2000s.
• At a shire level, the largest decrease in yield trends were found south of the Great Eastern Highway, 
Western Australia and matched an increased frost occurrence in the frost-prone areas. In a triangle from 
Kulin, to Pingelly, to Katanning, yield trends decreased from 24-48 kg/ha/year from 1982-2000, to steady 
or decreasing trends from 1990-2009. Yield trends remained steady in the far southwest and far north.
• In spite of a decreasing rate of yield increases, the average water use effi  ciencies of wheat increased 
10-30% across much of the WA wheatbelt from 1996–2000 to 2005–2009, and as much as 30-50% in 
far northern and south-western shires. The combination of better water-saving techniques (minimum 
tillage, precision agriculture, soil condition improvement, better weed control) and a reduction in 
waterlogging (due to a drying climate) appear to underpin these results.
Discussion
In summary, improved crop water use effi  ciencies during the 2000s have benefi tted from the carryover of 
technological improvements from the previous decade. However, an abrupt climate change during the 2000s 
has severely impacted Western Australia’s capacity to increase crop productivity. The focus of research and 
development needs to shift from maximising yields during better seasons to improving crop productivity and 
farm management in a drier, more variable, and frosty environment.
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Is Yield Prophet® a useful tool in Western Australia? — an agribusiness 
perspective
Caroline Peek
Department of Agriculture and Food, WA
Key Messages
• The web-based decision tool Yield Prophet® has been tested in conjunction with consultants, growers 
and grower groups for two years.
• The key to accurate outputs is to match paddock soils to the characterised soils in the Yield Prophet 
database. 
• The Yield Prophet process has stimulated a number of growers to increase an understanding of their 
soils, plant available water capacity (PAWC) and yield probability and how these factors relate to risk 
management and profi t.
• The best delivery method appears to be in a group setting or as a subscription to shared sites on common 
soil types, although some growers will be prepared to pay for the service on an individual basis.
Background and Aims
Managing seasonal variability as part of the broader issue of climate change has become increasingly 
important to farm businesses. Eff ective, timely decisions that maximise opportunities while minimising risk are 
essential for continued farm viability. Farm businesses in the north-east and central agricultural regions earn 
most of their income from cereal production. This involves a signifi cant investment in crop inputs at seeding 
during late autumn and winter in the form of seed, fertilisers, pesticides, fuel and labour.  Decisions are made 
without knowing how the season will progress, so there is signifi cant fi nancial risk taken at seeding.  
Using decision support tools to help make better seasonal decisions was a key priority that arose from 
extensive consultation with the agricultural industry in the North East Agricultural Region (NEAR). Funding was 
made available to investigate decision tools for use in Western Australia as a result.
Yield Prophet® is a web-based decision tool used by growers and consultants in the eastern States to aid 
seasonal decision making. The tool is administered and supported by the Birchip Cropping Group (BCG) and 
backed with research and development by CSIRO. Following further consultation with three consulting fi rms 
and one merchandise company, it was decided that growers and consultants in the NEAR and the Central 
Agriculture Region (CAR) would test this tool.  The project will determine:
• If growers fi nd it a valuable decision support tool and if so, are they prepared to pay for the use of the 
tool and possibly even assistance with running and interpretation of information generated via some 
form of paid farm adviser.
• The best models of delivery to growers.
• Any technical shortcomings in the model for its use in WA.
Method
Three consulting fi rms, Agrarian Management, Consult Ag and Planfarm and one merchandising company, 
Landmark, were engaged by the project to test the model with their client base. Each consultant group 
selected a number of Yield Prophet sites either with individual growers or groups of growers. They went 
through the process of soil testing each site and setting the sites up in the Yield Prophet program. This 
involved matching the paddock soil to a characterised soil already in the soil database; choosing an 
appropriate weather station that would supply an accurate estimate of temperature and other in-season and 
historical information; and entering the soil test results, crop and input information, and rainfall.
Yield Prophet generates a number of reports including: seeding opportunity; time of seeding comparisons; 
in-season crop reports; and nitrogen yield response and profi t comparisons. The consultants were tasked 
to generate the appropriate reports as the season unfolded. These reports were discussed with individual 
clients or client groups and used to guide or support management decisions throughout the season. Several 
in paddock demonstrations were also set up by each group to test the information generated from the Yield 
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Prophet reports. This process has run over seasons 2009 and 2010. Seventy fi ve to 85 Yield Prophet sites were 
installed, covering a range of diff erent soil types and stretching from Ajana in the Northern Agricultural Region 
(NAR) to Bodallin in the Central region. Most of the sites were located in the < 350 mm rainfall zone.
When the accuracy of generated information was in question, particularly in the context of WA conditions, 
participating consultants, growers and DAFWA met with CSIRO scientist Zvi Hochman to resolve these issues. 
DAFWA soil scientists identifi ed and characterised an additional 20 soil types in 2009 to try and fi ll gaps in the 
Yield Prophet soils database. 
During 2010 several grower groups showed interest in Yield Prophet and engaged the services of consultants 
to generate reports for their group using existing sites or from additional Yield Prophet sites in their area. The 
consultants also ran fi eld walks based around reports generated at critical decision points during the season.
The consultants documented their experiences and the results of their testing of Yield Prophet with their 
clients in a series of interim and end-of-season reports.
Results
The consultants have made preliminary comments of the value and use of Yield Prophet, which are detailed in 
this paper.
Setting up — matching paddock soils to soils in the database
All the participants considered the ability to be able to choose an accurate soil type match from the soils 
database to be critical to the accuracy of the reports generated for any Yield Prophet site. There were a 
number of soils already characterised in the database, however DAFWA added 20 more as part of the project 
to try and fi ll the gaps. It has become clear there are still more soils that need characterisation. 
Characterising soils is time consuming and expensive. There is the requirement for a deep soil test to be taken 
before the start of the season and matching paddock soils to soils in the database can be diffi  cult at times 
and takes a certain amount of knowledge by the operator. Consultants considered that calibrating a grower’s 
paddock required a signifi cant investment in time. Growers interested in setting up a site would need to be 
aware of this.
Presentation of information
Consultants considered presentation of information in the reports to be a major benefi t of Yield Prophet, in 
particular the way Yield Prophet clearly articulates the range of possible yield outcomes at any point in time. 
Richard Quinlan (Planfarm) described Yield Prophet as covering important wheat agronomy issues in a way 
growers were able to understand. 
Crop growth stage
The crop report generates a pictorial growth stage with a dated timeline showing current and predicted crop 
growth stage information and most consultants found this to be reasonably accurate as long as the correct 
weather station was selected. They found this to be useful in planning future activities, such as spraying weeds 
and fertiliser applications.  
Looking below the soil surface
One of the overwhelming benefi ts of the project was the understanding gained by growers regarding 
what is going on below the surface of the soil. Craig Topham (Agrarian) described the process as a good 
platform to help train the client in the concept of plant available water capacity (PAWC) and the factors that 
infl uence PAWC; this occurred particularly in the second year of running the model. Ryan Pearce (ConsultAg) 
commented on the usefulness of Yield Prophet in answering the questions growers have on how much PAWC 
their soils have and how many days they have left until it is empty.
Craig noted that many of his clients were putting a lot more eff ort into increasing their knowledge of their 
soils and the factors that infl uence variation in performance of diff erent soils.  
Growers have also commented Yield Prophet has made them go out and dig holes to see where the roots 
were. Several fi eld days featured discussions in and around soil pits.
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Confi dence in the model outputs
All the consultants agreed that it is important that both they and their clients have confi dence in the reports 
generated by Yield Prophet. This allows the tool to be very useful in assisting with crop management decisions 
across diff erent soil types as well as other management tasks, such as grain marketing before harvest. Rod 
Butcher (Landmark) believed that as long as it can reliably be within 20% of the fi nal yield it is an important 
guide for the season as it unfolds. As an agribusiness advisor he feels it can relieve a lot of pressure. Ryan 
Pearce mentioned that although growers understand it won’t give them an exact fi nishing yield, it will indicate 
the probabilities of yield and allows them to ask ‘what if ’ questions under diff erent scenarios.
There have also been questions about the accuracy of the model’s calculation of required nitrogen. There has 
been some further development in this area in conjunction with CSIRO and DAFWA.  
The results from the project varied, with a range of accuracies (as tested by fi nal simulated yield v actual yield).  
There is also concern that Yield Prophet is very soil type specifi c and paddocks are mostly variable, particularly 
where there are duplex soils of varying depth; thus interpretation needs to take this into consideration when 
and where it occurs.
The future
Several of the consultants believe further local testing for another season is probably warranted to gain 
increasing confi dence and identify further modifi cations needed for WA conditions. There is also a strong 
belief Yield Prophet will continue to become more useful if more soils are characterised and added to the 
database. Soil characterisation is a time-consuming and potentially expensive exercise.
Planfarm consultants felt that because Yield Prophet will never be precise in forecasting fi nal crop yield (due to 
obvious uncertainty about rainfall to come and also soil type variability across paddocks and farms) then the 
tool’s use at a specifi c paddock level is limited. However at a broader level what the tool does extremely well is 
present important information about the probability of getting a certain result — how the season is tracking 
— which can be very useful when deciding on paddock-level decisions. Essentially the tool can be a sound 
second opinion as to your own view on yield probabilities! It is then up to the grower and/or adviser to apply 
this to a specifi c paddock or zone of which they have historical knowledge. 
What this means is that Yield Prophet is a great tool for basing discussion about ‘what to do next’, which can 
be useful for growers and their adviser(s) or for groups of growers. Thus Planfarm felt the tool is probably of 
most use in a group scenario where advisers and growers can use the results across relevant soil types as a 
central discussion point at critical decision-making times of year.
During 2011 it is highly like a number of grower groups will be negotiating with consultants to run group sites.
Rod Butcher (Landmark) envisaged targeting three or four dominant soil types within a service area and 
generating reports for growers on a subscription basis.
Ryan Pearce (Consult Ag) also envisaged the possibility of choosing 4–6 common soil types for the client 
group and using Yield Prophet to provide them with soil water and nitrogen to help them with management 
decisions. Ryan commented that many growers appear happy with a generalisation they can then relate to 
their own soils. Some growers have indicated they would be unlikely to characterise their own soil, soil test 
or run the simulations themselves but would pay their consultant a fee to run Yield Prophet for them. It is 
probably still too early for consultants to tell whether their clients value Yield Prophet as a decision-making 
tool. Although they commented that during the life of the project there was an increasing level of interest in 
Yield Prophet outputs.
Craig Topham (Agrarian Management) note that Yield Prophet is very useful to agribusiness as a tool to work 
with clients and assist them in increasing their understanding of soils, PAWC and risk management. The 
journey has helped their clients focus on management factors that help them adapt their management to 
improve the water use effi  ciency of their operation.  
Chris Pinkney (Agrarian) agreed that working with groups really suits the Yield Prophet process, particularly 
if the groups are prepared to put resources into soil characterisation of their sites. He believes that probably 
about 50% of the clients that have been involved in the project may continue to pay for an individual service. 
Agrarian Management has also had a small number of clients outside the original project subscribe on an 
individual basis and they are likely to continue. Individual subscription is likely to be on a limited basis and 
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depends on the quality of the information coming from the Yield Prophet site.
Yield Prophet is not the only decision support tool available. Various consultants are working  with EM 38 and 
Gamma Radiometrics in mapping soil depth and providing PAW maps. Some of this work is also aimed at 
using Yield Prophet to quantify and demonstrate the variation in yield due to soil type and PAWC and then 
map this for use in a variable rate technology (VRT) cropping system. By developing a surrogate PAWC map, 
Yield Prophet becomes a useful tool in guiding VRT Nutrition strategies both before and during the season. 
Additional soil characterisation has been carried out to quantify this strategy; results will become available 
during 2011.
Consultants from Planfarm question whether a simple cumulative rainfall graph and a calibrated French 
Schultz equation couldn’t also give growers an estimation of how the season is unfolding.  
The full detailed results will be published after the fi nal consultant reports are submitted at the end of January 
and will be collated and made available to the agricultural industry.
Discussion
The Yield Prophet project has generated a large amount of interest among growers and grower groups. It 
promises to generate reports at critical points during the unfolding season that support growers and their 
consultants to make better decisions. 
The experience from the project’s two years has highlighted that the accurate matching of a paddock soil 
type to a characterised soil type in the database is essential. Skill and experience is required to correctly match 
soils, where this cannot be achieved additional soil characterisation may be required. The presentation of the 
information that Yield Prophet generates is excellent and there is no doubt the journey has helped consultants 
to assist growers to gain a better understanding of the relationships between their soil, crop and water. This 
has helped growers with management decisions they are making, or lent support and confi dence to their 
decisions.
At this stage, running Yield Prophet with grower groups or consultant groups seems to be the most popular 
method of delivery although this will become clearer with time. There will likely be some growers who will 
pay for an individual service if they feel the accuracy is warranted. There will also be a small number of growers 
who will be capable and have the desire after the initial set-up phase of running the model for themselves.
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A season of Yield Prophet® — how it saw the dry
Tim Scanlon and Caroline Peek
Department of Agriculture of Food, WA
Key Messages
• Yield Prophet® has predicted the dry season yield accurately, to within 90 kg/ha (17.6%).
• The early season prediction was for a dry season.
Background and Aims
Yield Prophet® is a crop forecasting decision support tool developed by the Birchip Cropping Group (BCG) 
and CSIRO. It was developed with the aim to aid decision making and deal with variable seasons and drought. 
Yield Prophet uses the APSIM model and is widely employed on a commercial basis throughout the major 
grain growing regions of Victoria, South Australia and New South Wales. In Western Australia there are diff erent 
soils and conditions that required evaluation of Yield Prophet for local conditions. This DAFWA project aimed 
to evaluate the potential commercial use of Yield Prophet in WA.
The reasons behind the low utilisation of Yield Prophet in WA include a lack of exposure to the product and 
a lack of confi dence in the model’s output by both growers and consultants alike. While there is a degree of 
wariness among growers regarding increasing reliance upon model outputs in what is a very dynamic and 
biological system, there exists a growing acceptance of an increasing need for assistance from all sources, 
models included, in regards to key decision-making processes. 
Sites across the Northern, Central and Eastern wheat belt aim to validate Yield Prophet for WA conditions. In 
this process we are also inputting large amounts of soil and crop information relevant to local conditions that 
will improve the model for WA. It is intended that agribusiness and individuals will be able to make use of Yield 
Prophet for decisions in-season, resulting in more informed and profi table seasonal outcomes.
Method
During the 2010 growing season a site was established at the Merredin Research Station, WA, which was to 
be monitored closely throughout the season to examine both the predictions and actual crop production. 
Agronomists and consultants monitored 80 other sites throughout the eastern and northern wheatbelt and 
will be report on by them separately. The site was sown on June 10, 2010 with 70 kg/ha of Wyalkatchem 
wheat. A second seeding time, May 16, 2010 was used in the model to capture the possible earlier seeding 
date. The site had a good fertiliser history, with 216 kg/ha of nitrogen available. A soil pit and regular 
observations have allowed predictions to be matched to actual crop growth.
Yield Prophet predicts crop growth stages and these were tracked against fi eld observations. Root growth and 
soil moisture was assessed using a soil pit with access to the soil profi le to 1.2 m.
Results 
Yield Prophet was assessed as a useful tool for estimates of: crop yield; in-season nitrogen use and possible 
responses to applications; the crop growth stage; and seasonal outlooks. The advantage of a model such as 
Yield Prophet is that it can give a probability, or risk, profi le for a crop growing in a soil during a season. This 
allows growers with widely diff erent attitudes to risk to use the same information to make decisions based 
upon objective data. These probability/risk charts (see Figure 1) change as more information is available, 
making the fi nal predictions for the season the water and nitrogen limited yield estimate. A second seeding 
date was also able to be assessed for diff erences between crops on similar soils.
Soil testing of the Merredin Research Station site revealed there was plentiful nitrogen (N) available to plants. 
Yield Prophet could be used to assess the need for nitrogen fertilisers (pre- or post-seeding), and concluded 
that it was unlikely that nitrogen would be needed. This was a common assessment of soils, especially heavier 
clay soils, throughout the central agricultural region (CAR) for 2010.
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The median prediction Yield Prophet made on June 27, 2010 was for a yield of 1.4 t/ha (see Figure 1). This 
fi gure is just below the fi ve-year Merredin average (see Figure 2). The earlier seeding date of May 16, 2010 
indicated a median yield prediction of 1.7 t/ha. This median probability would indicate a season of decile 4 
(decile 4 yield is 1.44 t/ha, 30-year average 1.49 t/ha).
It is reasonable to use other information to guide the use of the risk profi le and the probabilities used. There 
was a decided lack of soil moisture leading into the season and the break of season. The season to June 27, 
2010 had been tracking at decile 1 and it was thus reasonable to use a probability of 80–90%, but this depend 
upon user risk attitudes and seasonal outlooks. Yield predictions two weeks after seeding, June 27, 2010, at the 
80% probability level (i.e. likely dry season) were 0.8 t/ha, and at 90% were 0.5 t/ha. The earlier seeding date 
was predicting 0.94 and 0.78 t/ha at the 80% and 90% probabilities respectively.
The eventual yield for the Merredin site was 412 kg/ha. This was 17.6% lower than the predicted 90% yield at 
the June 27, 2010, which was 0.5 t/ha, a diff erence of 88 kg/ha. The 90% predicted yield for June 27, 2010 was 
equal to the fi nal Yield Prophet predicted yield at harvest. Similarly the earlier seeding date had 90% predicted 
yields from the June 27, 2010 close to the fi nal predicted yields. So if users were to use Yield Prophet and 
the information it provides it is possible to choose an appropriate probability/risk level and have an accurate 
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Figure 1.  Yield probability predictions from Yield Prophet versus the actual fi nal yield as at June 29, 2010 
and December 1, 2010 for a May 16 (early) and June 10 seeding date.
Another aspect of the Yield Prophet tool was the modelling of plant available soil moisture and nitrogen. 
Rooting depth and access to moisture allowed growers to see how much water was in the soil and how much 
was being used by the plants (see Figures 2 and 3). Nitrogen profi les were less of an issue on this site.
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Figure 2.  Predicted crop rooting depth and plant available water for June 27, 2010.
Figure 3.  Predicted crop rooting depth and plant available water for December 1, 2010.
At the Merredin site Yield Prophet had diffi  culty in predicting crop growth stage. It was usually predicted to be 
a week ahead of actual observed growth stages. Most sites in the northern agricultural region (NAR), however, 
were accurately predicting the crop growth stage. The growing season rainfall (GSR) for the Merredin Yield 
Prophet site was 138.6 mm (April–October); of this 129.6 mm had been received by the end of July. The reason 
for the divergence was likely to be due to the distribution of cold temperatures within a day. During the June–
July period overnight temperatures were regularly cold, but while daily temperatures reached suffi  ciently 
warm growing temperatures, the days took a long time to warm up. This left only a small growing period each 
day that Yield Prophet didn’t appear to accurately assess. This needs to be investigated further in the model.
Another divergence for the Yield Prophet was the assessment of a physical hardpan not accounted for with 
the soil characterisation. This observed the dry hardpan below 50 cm was observed as a result of digging a 
soil pit. This raises the importance of proper soil characterisation and understanding of chemical and physical 
limitations to rooting depths. It is therefore necessary for soil sampling contractors and growers to take note of 
possible physical of chemical barriers and getting to know their soils.
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Discussion
Yield Prophet has the potential to be a useful decision making tool for growers and consultants in WA. To 
use the tool most eff ectively requires some understanding and information to help with probability/risk 
assessments. Yield Prophet still has the need for further data for WA wheatbelt to improve the accuracy, which 
will come from the early adopters.
Yield Prophet reports help with understanding crop growth and demands for nitrogen and water throughout 
the season. The reports show water and nitrogen profi les in the soil, give estimates of crop water and nitrogen 
usage, and provide estimates of crop growth stage. These can be valuable guides to decision making 
regarding fertiliser and herbicide applications. This can aid decision making for nutrient inputs and chemical 
applications. The accuracy and usefulness of Yield Prophet hinges upon accurate soil characterisation. Thus 
while Yield Prophet does educate and encourage understanding of crops and soils, it also requires growers to 
make further observations (for example, digging soil pits).
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